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ITepiAnym

Ta Aqpavia xonotpevovy wg KELooL KOUPOL yix TN HeTaPoQad VAIKWY, eTufatwy,
AVTOKWVI)TWV KAl  EUMOQEVHaTOKIPwTiwy, Kablotwviag Tovg  eveQyofogoug
KAToavaAwTég mov Paocilovtal kueiwg oe opukta kavoa. Kata ovvénew, amoteAovv
OTNUAVTIKT] TUYT] ATHOO@PAIQLKTIG QUTIAVONG, WIS 000V aPOoQA TIG EKTIOUTIES aEQlwV
tov Oepuoknmiov. H avtpetwrnon tov @awvopévov g kApatikng aAAayng
ATIOOEKVUETAL  KOQU@ala  mEoTepaOTNTA  Ywx  TOoug  Alpéveg, oL oTolot
TEOOAVATOAILOVTAL OTNV avENON TNG EVEQYELAKNG TOUG ATtOdO0TC KAL OTNV Uelwo
TOU TEQRAAAOVTIKOV TOVvG amotvntwpatos. H avavouevn mpdodog mog o
PLOoIpES LTTIODOUEG €TTEOTNOE TNV TTEOOOXN TWV ALLEVIKWOV QXWV TIQOG EVEQYELKA
Cnmuata. g anotéAeoua, ot Alpéveg Telvouy va meoomafovy va ekpetaAAevtovv
éEvmvar ovoTUATA  DLXXEIQLONG  EVEQYEIAG, OCLOTIUATA QAVAVEDOLHUWY T YWV
EVEQYELAG KOl OLOTNUATA ATOONKEVOTG EVEQYELAS YWt VA E€VOWUATWOOLV TN
BrwopotnTa kKt v av&roouvy TNV AmodOTIKOTNTA TWV AELTOVQY WV TOVG.

H magovoa duxtolr) mpoomabel va kaAUel T €QeLVNTIKA KEVA OXETIKA HE TN
PrwopotnTa mov oxetiCetal e T AUAVIX, DNUIOVEYWVTAG MLt ATIQEYKALTN Kol
a&l0ToTn TuTToAoY Il IOV aToTeAElTaL amo Ta akOAovOa:

. M oAokAnowpévn BLBALOYoa@IKT) HeAETN KL avaokOTnoT Y TNV PeAticwon
MG KATAvONong G PLOHOTNTAS TwV AUEVWVY Kol Yioe TNV dnpoveyia Baong
TIAT|QOPOQLV YLaX TIG VTTAQXOVOEC TeEXVOAOYiec Kat pebodoAoyieg,

. Xomomn povtéAwv/egyaAeiwv unxaviknig Hddnong Kat VEVQWVIKWY dIKTUwWV Yl
™V MEOPAEYT TOL eveQYeElaKOL TEOPIA Twv Apévwv vy to 2030, toviCovtag tnv
AVAYKN PEATIWONG NG LMAQOXOLOAG KATAOTAONG TWV AUEVWV aTtO TAELOAS
evépyelac,

. Anuoveyia evog €EVTIVOL CLOTIHATOG EAEYXOV EEWTEQIKOV PWTLOUOV YIX TOV
BEATIOTO €AeyXO TNG MAQOXTG PWTIOUOV UE BAOT T PWTEVOTTA TOL NALOL KAL TN
XWONTIKOTNTA TOL KAOe Xwelov Tov LT e£étaon Alpuéva, CLUTTEQLAAUBAVOLEVWVY U
ETMEUPATIKWV  OLOTNUATWV  OLXXElQONG  €EVTIVWYV  EVEQYELWV  OTIG  ALUEVIKEG
dpaoTNnELOTNTEG,

. Anuovgyta  dudgpoowv  YPRowwkwyv Xvomuatwv Avavewolpwv IInywv
Evéoyelag yia k&0e meplmtwon Alpéva e v TavtdXQovn meooopoiwaor), ovlrjtnon
KAt oUyKOLoN TwVv anoteAeopudtwv tovs. H a&loAdynon tov kabe cvotuatog odnyetl
OtV €MAOYN] TOU PEATIOTOV IKAVOTIOLWVTAS TA TOlt KQUTHoWr TNG Pudotung
AVATITUENG,
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. Evowpdtwon kat povteAornoinon tng texvoAoylag tov «cold-ironing» yix
Helwon TV EKTIOUTIOV ATO TA ayKLEOPOANUévVa TtAolar obupwva pe v TtAéov
npoo@atn vopobeoia g Evpwnaixkng Evwong. Tavtoxoova, 1 okOTUOTNTA TNG
OLUTEQIANIYMG VOGS OLOTIHATOS ATIOOTKEVOTG EVEQYELAS e LOROYOVO aéloAoyeltatl
WG TEOG TNV AUTOVOHIX KAl TN UEWOT] TwV EKTIOUTWV aepiov Oepuoknmiov tov
Apéva.

. TéAog, n dnuovoyla evog ePAQUOOUEVOL OLOTIIUATOS OLXUOLQACHOV TNG
EVEQYELAG ATOOKOTIEL OTOV EAgy X0 €VOG LPELOKOV CLOTI|UATOS AVAVEWTLUWY TINYWV
evégyelac otouvg Alpéveg, dao@aAiloviac T AeltovQyik) otafeotnTa Ko
aoPAAELR.

Ev katakAeidy, 1 évvolx tov oxeddv undevikov evegyelakoL Ayéva moowOel
EAKVOTIKT] LTTOdOUT] TTOV XENOLHOTIOLEL OXeDOV €E'OAOKAN POV TIRACIVN EVEQYELX [LE
ATOTEAETHA €va UNOEVIKOV TEQBAAAOVTIKO aTTOTUTIWHA, CVHPAAOVTAS KAOO0QLOTUIKA
OTOV HETOLXOUO NG KALHaTknG aAAaync. H kukAwr] owovopia Oa emwpeAnOet amod
TN METATOTUON EVEQYELAG QATIO UNXAVEG EO0WTEQLKT)G KavONG 0O& LuoThuata
Avavewopwv Inywv Evépyelag, n omola Oa BeAtiwoel tn ovpBiwon peta&d Alpévav
KL TWV YELTOVIKWV Tovg mOAewv. BEva kabapdtego pEAAOV yix tOv TOpHEx TNg
KW TIKOTNTAG elval emikelpevo péow G Wéag tov Alpéva oxedov pndevikng
KATAOVAAWOTG, TO OTOL0 eVioxVeL Tar EVTVa OLOTHHATA DLXXEIQLONG EVEQYELAC.
Evdewktikd, ta mpotetvopeva YBowwda Xvotuata Avavewoipwy [Inywv Evépyelag,
oe ovveQyaoia pe ta EEVTIVA CLOTHHATA JLAXEIQLONG EVEQYELAS, ETUTUYXAVOUV
oxedOV UNdOEVIKEG EKTIOUTIEG, ODNYWVTAG OE ML OLKOVOULKA EQPLKTI) ETLEVOLOT] OO0V
APOQA TNV PLWOIHOTNTA, AVEAVOVTAG TAVTOXQOVA TNV ATPAAELX TOV EQOIATHUOV
TWV VTNEECWOV TOv Alpéva péow g 24weng avtovoulag. Exet emonuavOel
AVAYKALOTNTO HETATEOTNG TWV ALUEVWYV O€ KALVOTOLES KAL EVEQYELAKA ATIODOTIKEG
LTTOOOMESG, VTIODEKVUOVTAS TOV KQEIOIHO QOAO TOUG OTNV MAYKOOUIX KALUATUIKY
aAAayT).
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Abstract

Ports serve as crucial hubs for transporting materials, passengers, cars, and cargo, making
them high-energy consumers that rely primarily on fossil fuels. Accordingly, they are an
important source of air pollution, particularly in terms of greenhouse gas emissions.
Climate change mitigation is turning out to be a top priority for ports, which work to
increase their energy efficiency and diminish their carbon footprint. The increasing
progress toward more sustainable infrastructures has drawn the attention of port
management authorities to energy issues. As a result, ports are taking advantage of smart
energy management systems, renewable energy systems, and energy storage systems to
incorporate sustainability and enhance the efficiency of their operations.

This thesis attempts to fill the research gaps on port-related sustainability by creating a
solid and reliable typology that consists of the following:

d A comprehensive literature study is done to improve understanding of port
sustainability and provide a foundation of information about existing technologies and
methodologies;

. Several machine learning models/tools were used to forecast the ports' energy
profile for 2030, highlighting the need to improve the existing status of the ports in terms
of energy;

. A Smart Outdoor Lighting Control System was created for optimal control of the
lighting output of the new luminaires based on the illuminance of the sun and the space
occupancy of each port, including a non-invasive Smart Energy Management Systems
into port activities;

d Several Hybrid Renewable Energy Systems for each port case are conceptualised,
simulated, discussed, compared, and evaluated to pick the optimal among them by
satisfying the three sustainability criteria;

. Cold-ironing technology is being integrated and tested to reduce emissions from
berthing ships according to the most recent European Union laws. Simultaneously, the
teasibility of including a hydrogen storage system is assessed in terms of autonomy and
reducing the port's Green House Gas emissions.

. Finally, an applied evaluation framework is created to give insights into the
design, size, and control of a Hybrid Renewable Energy System in seaports, guaranteeing
operational stability and safety.
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Concluding, the nearly Zero Energy Port concept promotes an attractive infrastructure
that uses almost explicitly green energy resulting in a zero-carbon footprint and
providing a crucial contribution to climate change mitigation. The circular economy will
benefit from the energy shift from fossil-fuel energy producers to Renewable Energy
Systems, which will improve cohabitation between ports and port towns. A cleaner
future for the mobility sector is imminent through the nearly Zero Energy Port concept,
which Smart Energy Management Systems like the proposed one strengthens.
Indicatively the proposed Hybrid Renewable Energy Systems, in cooperation with the
suggested Smart Energy Management Systems operation, achieve almost zero emissions,
leading to an economically feasible investment towards sustainability, concurrently
enhancing the port's services safety-of-supply through the 24-h autonomy. The necessity
of ports' transformation into innovative and energy-efficient infrastructures has been
highlighted, indicating their critical role in global climate change.
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1 Introduction

1.1. The beginning of the contemporary ecological crisis

In recent decades, an ever-increasing ecological crisis has occurred on the planet. This
crisis started first at a local level, and then, with the start of the industrial revolution and
the vast use of fossil fuels, it expanded on a global scale. From the very beginning, when
the prospects of fossil fuels were perceived, their value skyrocketed and immediately
became a commodity of direct or indirect use. Thanks to this discovery, houses were
electrified, everyday goods are produced in bulk, and the distance between continents
became a matter of days. The result of this influence is that each country's economic
growth, prosperity and power are inherently linked to them. The abuse of their
availability at the expense of the environment leads to exponential negative impacts over
time. These impacts range from softer, such as worsening local health, to irreparable
destruction of whole ecosystems and the energy crisis that has arisen [1].

1.2. Understanding the energy problem

The current energy crisis is of high importance for global authorities, being a matter-to-
be-solved. The reason that fossil fuels became so popular from the very beginning was
their high calorific power, namely the large amounts of energy stored in small volumes
of fuel, and their accessibility because single drilling gives access to millions of tons of
fuel with an uninterrupted flow. Moreover, their extensive use for mass production of
goods, electricity, transport, heating, etc., proves that they are the driving force behind
modern society. On the other hand, however, they have some significant disadvantages,
which, because of their wide application scale, have caused irreparable problems in the

society and environment. In particular, they are divided into three broad categories[2]:
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e The various emitted air pollutants like C0,, NO,,S0,, etc., are released not only during
the combustion for energy production, but also during the extraction, and
transformation processes and the transitional transport before their final destination;

e The dependence on their use. Fossil fuels account for more than 75% of global power
generation, as well as for the vast majority of the global transportation sector;

e Their finite nature, which is the most remarkable. Fossil fuels are finite and are
estimated to be near their complete depletion; the transition to renewable energy
sources is now a one-way street to maintain the high standard of living of modern

society and mitigate climate change.

It is well-known that fossil fuels are finite; renewable sources of 'green energy should
replace them'. More specifically, RES should cover more than 80% of the world’s energy
demands. Energy storage is another problem to be addressed, which is of the utmost
importance. There is no such problem with fossil fuels, as the energy supplier (electricity
grid) provides them with uninterrupted supply and easy storage [3].

Despite the importance of the energy crisis and the imminent dangers, Greece, although
having ample solar and wind power potential, still has fossil fuels as the main energy
generation source, while RES play a complementary role (Figure 1.1). The dependence
rate on conventional energy generation technologies accounts for 68.29% of the total

energy generation, while only 31.71% comes from RES, according to the 2018 data.
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Figure 1.1. Greece’s mainland energy mix [4]

1.3. Energy analysis of transportation sector

The transportation sector is one of the most energy-consuming sectors. The transport of
EU countries depends on diesel oil by 94%, which is greater than any other sector. The
tirst attempts to reduce GHGs were made with the introduction of biofuels, a policy that
will be abandoned after 2020 as the results were not considered encouraging for the
future. The first steps towards decarbonization of the transportation sector have been
done by introducing green mobility and the mass production of electric vehicles [5].

Maritime transportation is one of the transport sectors which has been of concern to the
scientific community due to the complexity and variability of its operations. Cargo
transportation is an essential part of international trade, and marine logistics are
fundamental to global shipping. Maritime trade channels convey billions of tons of cargo

aboard cargo ships.
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Maritime shipping is the most efficient and low-cost mode of transportation, but it is also
the dirtiest, handling over 90% of global trade and 94 per cent of commerce in poorer
countries. Most ships, especially those operating in international seas, continue to use
polluting heavy fuel oil.

Ports also have large variations in their energy profile throughout the day and the year
due to their complex and unpredictable operations and services [6]. Such services require
significant amounts of energy that must be readily available to be used when necessary.
Nevertheless, ports are vital for each country's economy, especially for a country like
Greece, a highly naval-dependent country. In addition, ports are responsible for
importing goods, human transportation to remote areas (islands, continents), and the
money flows control.

The scale of freight transport by sea is so large that it was responsible for 80% of world
goods transported in 2015. That is why, as of 1 January 2018, the EU, in cooperation with
the International Maritime Organization (IMO), has imposed the measurement of GHGs
on ships entering ports, with a total load weight of more than 5,000 tons. According to
the Kyoto Protocol, the GHGs are projected to be reduced by at least 50% in 2050 in
relation to the corresponding 2008 records.

The EU's Energy Taxation Directive does not apply to shipping. The 2015 Paris
Agreement also excludes the maritime industry. Despite this, the Paris Agreement
includes non-binding objectives for lowering gross annual GHGs by at least 50% by 2050,
commencing as soon as practicable, compared to 2008. Furthermore, the new 0.5 percent
global SO: emission restriction, which took effect on January 1, 2020, would affect around

70,000 ships globally [7].
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Figure 1.2. Transport-related GHGs in the EU in 2014 [7]

The transportation sector in the EU is divided into four sub-sections, as shown in Figure
1.2. Road transport accounts for 71.7% of EU transport-related GHGs, while aviation is
responsible for 13.9%, and finally maritime shipping for 13.3%. This distribution has the
effect of contributing equally greatly to air pollution. According to the IMO, it is
estimated that due to maritime transport, 939 Mtn CO: were released annually from 2007
to 2012, corresponding to 2.8% of the global GHGs. This is expected to be twice as much
by 2050. It is worth noting that the movement of ships has explicitly emitted 60% of these
GHGs; 20.9 Mtn NOx and 11.3 Mtn SOx per year are estimated to be saved for the same
period (from 2012 to 2050).
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1.4. The current global state of ports regarding sustainability

Cities, societies, and organizations need to plan their energy transition from fossil fuels
to green energy, implementing eco-friendly technologies to the energy supply [8],
combined with various flexibility tools [9]. In recent decades, ports both individually and
collectively adopt a rigorous and increasingly progressive attitude, hoping to ensure their
readiness to become members of a sustainable community soon. Authorities shall adopt
relevant directives to upgrade their ports to pave the way towards sustainably achieving
their objectives. The efforts” majority focus on innovative future-oriented initiatives,
including modernization through the embracing of technological progress and
digitization strategies, increased assets’ use, increased awareness of environmental
security and the transition to green energy. Energy transition, being a critical
modification in the current production system, plays a part globally, as it has a central
role in the strategy and the orientation of decentralizing the power generation sector and
establishing a sustainable power supply [10]. New applications are set through the
energy transition, and new long-term goals and paths are defined [11,12].

Most ports frequently experience unforeseen and dangerous situations [13]. These
longer-term stresses impact port infrastructures and jeopardise international trade's
stability and reliability, as ports are a vital node to the global transportation sector [14,15].
Thus, ports are integrated transport centres and logistic platforms for international trade,
and their main commercial activity depends on them. Besides, climate change effects will
not be globally standardised [16—-18], so that port authorities will require regional climate
scenarios to determine the range of potential climate 'futures' for individual ports and
their supply chains to consider [19-21]. Their contribution to the phenomenon is high, as
their gradually rising production and trade volumes lead to increased energy
consumption and more significant air pollution[22-24], which may threaten public health

[25,26]. Besides, ship operations have become a significant cause of environmental
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pollution in port cities, and thus policymakers worldwide attach great importance to
managing and tackling this issue [27-29]. Shipping can be traced between 70% and 100%
of pollution at seaports in developed countries, while trucks and locomotives account for
up to one-fifth, and infrastructure pollution barely reaches 15% [30,31].

Moreover, ship emissions can travel up to 500km of land, and GHGs are well-known to
lead to various adverse health impacts, such as asthma and cardiovascular diseases
[32,33]. Indicatively, the maritime sector's global emissions account for more than 15% of
NOx and SOx emissions and almost 3% of the total CO2 emissions [34]. Therefore, the
need to manage consumption trends [35,36] and achieve independence from fossil fuels
is more imperative than ever [37]; the role of ports is of vital essence [38].

In response to these issues, European Commission's (EC) plan for efficient, safe, and
secure energy sets the priority actions till 2050 to positively mitigate climate change
supporting the sustainable yield of products and services [39-41]. In 2018, Renewable
Energy Systems (RES) accounted for almost 25% of all energy produced and comprise
18.9% of the European Union's (EU) energy sector. EC endorsed a target of at least 32.5%
energy efficiency (EE) and a 32% share of RES in total energy consumption in all sectors
by 2030. The EU decided to become the world leader in the implementation and use of
RES; the number of installations and investments is projected to rocket up soon [42]. The
International Maritime Organization (IMO) set the International Convention on the
Control of Emissions from Ships, which took effect from January 2015, and limits ship
sulfur content in an Emission Control Area (ECA) to 0.5%; the sulfur content cap is 3.5%
above the ECA [43]. Therefore, ports' decision-makers are forced to comply with even
stricter environmental regulatory requirements [44—46]. It would take a considerable
commitment to achieve these mitigation targets in terms of emerging technology and
other steps to adjust the maritime industry towards zero emissions without hampering

global trade and economic growth [47]. It is well known that all ports face several
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challenges, such as air quality, energy consumption, noise, liaison with local
communities, climate change, and safety of supply [45].

Concerning the development and sustainability objectives of the United Nations
(Sustainable Development Goals - UN SDG), it has been established that achieving long-
term global growth is inextricably linked to the principle of sustainability. Therefore, the
objective to be implemented is to achieve global sustainability, with UN 2030 Agenda
organizing the program entitled 'Transforming Our World', which focuses on 17
sustainable development objectives (SDG) and 169 targets integrated into three key
pillars: (a) the economic growth, (b) social development, and (c) the environmental
protection.

On 22/03/2018, the World Ports’ Sustainability Program (WPSP) was launched in
Antwerp. The project was launched in 2017 by the International Association of Ports and
Harbors (IAPH). The UN-SDG is at the heart of the WPSP and aims to strengthen ports
worldwide by making a significant contribution to achieving these goals. Furthermore,
WPSP aims to empower workers, authorities and other parties operating in the port to
collaborate with private and governmental institutions to develop sustainable programs
and partnerships that will bring welfare to the ports” surroundings. The direction that the
European Commission (EU) is seeking that beyond systems and policies, port
development strategies must be based on sustainability.

EU-funded Docks of the Future (DTF) project is also underway, focusing on the
sustainability of future ports, which considers not only economic but also social and
environmental aspects. DTF is attempting to define future sustainable ports in Europe
and is expected to achieve its objective through a five-stage sustainable plan involving
smart port enterprises, environmental protection, work development and local citizens’

welfare, planning for a bright, sustainable future.
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1.5. The current state of the two most prominent Greek ports

In attempting to identify Greece's two main ports, taking into account both the operations
in them and their environmental footprint, the ports of Piraeus and Thessaloniki are
selected.

1.5.1. The current state of the port of Piraeus

Piraeus Port Authority AE (PPA) presented the first decision to take active measures to
tackle sources of pollution from ships and industrial activities in the Piraeus region.
According to the PPA, the measures operated by China's COSCO company focus on
efficient waste management, noise monitoring, water and air quality control, energy
efficiency improvement, and energy savings through recent implementations on various
technological aspects. In particular, an integrated environmental assessment study has
been developed, which includes both the port and future projects' activities and how the
environmental aspects that will be activated in the future will operate and characterise.
1.5.2. The current state of the port of Thessaloniki

The port of Thessaloniki is one of the most important ports in Southeast Europe, serving
an enlarged hinterland, especially in the Balkan region. Because of its geographical
location and excellent road and rail connections, it is the largest transit-trade port in the
country and serves the needs of about 15,000,000 people. As part of a broader plan to
keep pace with government and social efforts to combat climate change, the company has
chosen to support the green prize holders, certifying ships demonstrating high safety &
quality standards and excellent environmental performance. As a result, the port of

Thessaloniki offers a 15% discount on port fees for green-priced ships.
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1.6. Sustainability priorities of ports

The European Sea Ports Organization (ESPO), in its Annual Environmental Report in
2019, presented the top 10 environmental priorities of European ports, including more
than 60 different environmental performance criteria, through the participation of 94
ports (Figure 1.3). Over time and taking advantage of data from 1996 to 2019, a change in
priorities for the various activities taking place in ports has been observed. In recent
years, there has been a commitment to finding solutions to improve air quality, which
stems from the increasing GHGs, and the deterioration of air quality, which cause social
discomfort and health problems. Also, the ever-increasing energy demand needs to be
reduced. The overwhelming increase in the importance of limiting the phenomenon of
climate change is noteworthy, as, before 2017, this criterion was not even on the list of the
10 most important criteria and is now in a prominent position. About eight out of ten
European ports take climate change into account when developing new infrastructure
projects. In addition, 62% of ports strengthen climate resilience through the current
infrastructure, and 47% of them have already faced operational challenges due to climate
change. Reducing noise pollution, improving relations with local society and managing

ship-generated waste remain high priority areas [48].
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Figure 1.3. Top 10 environmental priorities of European ports for 2019 [48]
1.7. Main ports activities
The more frequent activities that are carried out in a port area are as follows in Table 1.1:

Table 1.1. Main activities taking place in a port area [3]

Activity Description

The repair and maintenance of refrigeration/heating
Air conditioning appliances in enclosed spaces is imperative in order to
maintenance achieve thermal comfort in the workplace of operators

involved in the port

The purpose of burning fossil fuels from boilers is to
Maintenance of boilers heat enclosed spaces and water and to co-generate

electricity. The environmental impact of boilers results
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from gaseous emissions generated during the
combustion of fossil fuels, from cooling and cleaning

waste and from solid waste from ash disposal

The Commission is aware of the importance of the
Cargo handling European Parliament's role in this area and of the
equipment importance of the European Parliament. All
(conventional) modes are common to the consumption

of diesel fuel for operation.

Loading and unloading of The goods shall be loaded and unloaded by the
goods aforementioned means on the vessels, trucks, railway

vehicles and cargo warehouses.

Examples include demolition, repair, construction,
Construction activities warehouses, pipelines, docks, public space, roads,
railways, the infrastructure required by new tenants,

barges, utilities, etc.

The most frequent cruise ship activities are drinking

water & electricity supply, solid waste to be deposited,

fuel supply, dry cleaning chemicals, passenger land
Cruise ships berthing

transportation provision, pharmaceutical services,

electrical equipment maintenance and lighting with

LED lamps (Light Emitting Diode), fluorescence

incandescent or halogen.

The procedures in the port area require equipment,
Maintenance and which must be occasionally maintained and cleaned.
cleaning of equipment Examples include cranes, trucks, excavators, refuse

collection vehicles, pumps, tugs, tracers, asphalt
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towing devices, fuel tankers, cement tugs, engines, etc.

The supply may involve ships, trucks and other
Power-supply equipment. It is divided into fossil fuel, water

(drinking & general use) and electricity supplies.

It relates to solid waste from office spaces and outdoor
spaces. Occasionally errors occur in the process of
Removal of solid waste collecting them, resulting in their possible extension
along the lines of ownership and the roads and the

barrier of sewage.

The renting of storage facilities in ports is a frequent
Storage occurrence, bringing profits to the port authority. In
many cases, tenants must have a cooling system or

humidity control system for their products.

Key related activities include management of

hazardous solid waste, maintenance of equipment

vehicles, fencing repair/replacement, structural

repairs, building of infrastructure at the request of

tenants, overheating of ventilation & air conditioning,
Maintenance of port

maintenance of electrical equipment, sanitation,
ownership

cleaning, pest/pesticide control, removal of snow with

salt or sand, quality control for drinking water,

emergency response for truck accidents, chemical

leaks & fuel, ship maintenance and dredging

instrumentation control.
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1.8. Energy generation technologies

The most common energy generation technologies can be classified into two main
categories, depending on the deployed resources: conventional energy generation
technologies and green energy generation technologies. Figure 1.2 demonstrates the main
technologies for both the categories:

Table 1.2. Energy generation technologies [3]

Energy generation technologies

Conventional Green
Charcoal Solar energy
Lignite Wind energy
LNG Hydraulic energy
Petroleum Biomass
Biofuels
Geothermal

Wave energy

Tidal energy

The conventional production methods are characterised by the exploitation of fossil fuels,
which come from natural sources, such as the anaerobic decomposition of dead buried
organisms. Energy production is based on combustion, and the conversion rate to
electricity is exceptionally high, providing storage for future use. Green energy
production methods exploit renewable energy sources (RES). These resources are
inexhaustible, which are constantly being physically replaced and have a common
characteristic of environmentally friendly behaviour, as their exploitation does not

contribute to the deterioration of the atmosphere or natural resources of the environment.
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Energy production is achieved by converting the various forms of soft energy into
electricity by induction. The conversion rate is not exceptionally high, and energy storage
is challenging with significant losses if it is not used in the short term. Finally, nuclear
energy, which is the energy produced by the transformation of the cores of individuals,
is also worth mentioning. The installed global renewable energy capacity in 2016 is

presented in Figure 1.4.
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Figure 1.4. Installed global renewable energy capacity in 2016 [3]

1.9. Ports International organizations and environmental assessment

tools
Several national organisations have been established to protect maritime shipping.
Typical examples are presented in this section.
1.9.1. International Maritime Organization (IMO)
In turn, the IMO has taken steps to reduce GHGs over the next few decades. An emission

measurement method was introduced first, the so-called Energy Efficiency Design Index
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(EEDI) [16]. This method calculates the GHGs in gCO: per nautical mile and is
differentiated according to the ship's characteristics.

Thus, there is now an international way of measuring emissions by setting the first
uniform global targets. The first target is a 10% reduction, with a further review every
five years, including technological progress in the calculations. The EEDI method was
developed to cover the most polluting maritime sectors such as tankers, cargo ships,
refrigerators or a combination of these. Later this category included LNG ships as fuel,
cruise ships and those transporting vehicles. Overall, these categories of vessels account
for about 85% of the CO: emissions of international transport. The mandatory
amendments through the IMO are the following:

% Reduction of GHGs from ships;

% Application of a sulfur emissions limit in 2020;

% Action plan for marine plastic waste;

% Implementation of a convention on the management of polluted waters;

% Adoption of guidance on other environmental issues;

% Technical cooperation and the creation of new measures.

1.9.2. Ship Energy Efficiency Management Plan (SEEMP)

In addition, to further consolidate the above measures, SEEMP was created to improve
the economic performance of ships [17], which is a more general and targeted plan. The
tirst action taken was an in-depth summary of climate change, the work required, and
the future objectives of the IMO to create technical tools and courses. These tools and
training programs were later channelled to shipping companies to reduce the emissions
of all types of pollutants (solid, liquid or gaseous).

1.9.3. Marine Environment Protection Committee (MEPC)

The first attempt was handed over to MEPC under MEPC 62 [18] on 1% January 2013 and
continues to this day with continuous revisions, reaching MEPC 74 for 2019 [19].

Regarding the practical part, the Energy Efficiency Operational Indicator (EEOI) has been
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created, a tool that shipping companies can use to improve overall fleet efficiency. Its
installation shall enable the measurement of the fuel efficiency and the optimal route
selection to reduce GHGs. Furthermore, one of the latest additions to the SEEMP to
increase the performance of the commercial fleet is the training and information of staff
on environmental issues to understand the importance of their work in them. Combining
these two instruments covers a wide range of issues, both in terms of human education
and technology, to lay the foundations for future improvements.

1.9.4. Results of SEEMP and EEDI

The countries that decided to follow the IMO regulations account for about 80% of world
trade and 75% of CO:2 emissions. The IMO regulations are mandatory for all ships over
400 tons gross tonnage, regardless of the country from which they come; these regulations
were set into force on 1 January 2013 and are expected to save 420 tnCO: per year by 2030.
In particular, the percentage reduction by 2030 is foreseen to be between 19-26%. In
economic terms, for the same period, the financial savings are estimated at $90-310 b$,
respectively.

1.10. Port legislation

1.10.1. International port legislation

The United Nations established the IMO in 1948 to develop and maintain a
comprehensive regulatory framework for shipping. Its remit today includes safety,
environmental concerns, legal issues, technical cooperation, maritime safety and
maritime efficiency. IMO conventions have been ratified by most countries, including
Greece. Despite the efforts, there are still environmental aspects that are not fully covered,
and there are important conventions that all the Member States has not ratified. Each
Member State is responsible for adapting the contracts to its legislative system.

These conventions set standards for many aspects, such as the MARPOL Convention

1973/78 and its annexes on ship-source pollution, which are laid down in the regulations
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on preventing oil pollution, noxious liquid substances, solid waste and air pollution
caused by ships. The London Convention (1972) lays down regulations for preventing
marine pollution from the discharge of waste and other water into the sea. Thus, current
international legislation constitutes an environmental framework covering the most
important environmental aspects for preventing or regulating the potential pollution
arising from human activities [20].
1.10.2. Port legislation in Greece
The Greek Port Regulator has the general task of overseeing and ensuring the legality of
the relationship between public and private operators in the national port system, in
terms of the contractual order and the application of free competition law. This is a basic
'infrastructure’ for the observance of legality to protect direct and indirect users of ports,
ports themselves, the Greek state, providers, and planned investments. Furthermore, this
makes it possible to resolve disputes and reduce conflicts. In accordance with the Articles
112,113 and 114 of Law 4389/2016, the regulatory authority for ports has the following
responsibilities:

% Adoption of a regulatory, directly enforceable regulations and decisions, binding

directives and opinions;

K/
L X4

Exercise of contractual rights of the Greek State through concessions;

K/
L X4

Methodology and transparency of port changes and access issues;
% Dispute resolution as an arbitration body and emergency measures, where there
is a breach of the law, inspections in undertakings, etc.;

% State advisory body on port, legislative and urban issues.
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1.11. Thesis innovation

The thesis innovation is presented in this subchapter. After a thorough literature review,
the research gaps in the available literature are explored, and the inadequate research
areas are explicated to deliver a future agenda for the aspiring researchers and port
decision-makers. Thus, this thesis firstly enriches the current bibliography and,
therefore, provides future researchers or authorities with the capability to draw reliable
conclusions regarding possible sustainable measures and technologies into ports.

On the energy forecasting aspect, this thesis enriches the current literature by predicting
a port’s energy demand profile with relatively high accuracy for 2030 while there are no
similar researches on this specific field. Although different energy forecasting models
have already been established for other sectors, no similar studies are related to port ones.
The innovative aspect is highlighted by using actual hourly 5-year data for the models’
training regarding the energy demand of a Mediterranean port, which has not been
examined before.

As for introducing an outdoor-lighting-related smart control system, this research fills
several research gaps and rectifies some of the current open issues in lighting control
systems for outdoor spaces. This typology responds fast and accurately to any
unpredicted and unexpected alteration of the smart-control parameters, such as the
daylight or space's occupancy. Every sub-space is handled individually by the presented

SOLCS, considering the different legislative and real-time needs, instead of handling the
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port area in total. The smart control algorithm's main novelty refers to examining,
evaluating, and regulating the lighting conditions of 21 subspaces, according to their
unique characteristics, at the same time by ensuring the end-users satisfaction and
compliance with the legislative standards. In parallel, unlike prior research works, there
is no need for multiple illuminance sensors to make this system efficient, which leads to
increased investment and maintenance costs. Only one photodetector and an occupancy
sensor are required for the system, making the proposed topology more practical and
attractive for investment. Also, all three sustainability pillars are considered and equally
satisfied, establishing a smart and environmentally-friendly system. The optimization of
the energy efficiency and diminishing the GHGs by concurrently complying with the
legislative standards and enhancing the user's comfort is examined for the first time, to
the best of the authors' knowledge.

Regarding the optimal sizing of a port HRES, a holistic framework and typology
concerning the whole process of its optimally, in sustainable terms, sizing is established,
presented, and evaluated; the utmost goal is to create a sustainable port infrastructure
towards the concept of nZEP. Actual data are utilised for the study's purposes, leading
to realistic and trustworthy outcomes. Besides, the suggested typology is highly
replicable for other port cases; thousands of ports worldwide have similar characteristics
and require energy transition schemes. Each port's specific features are quantified during

the input data stage, enabling the method's broad applicability. Also, no similar studies
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are considering the LCA of the suggested technologies to calculate the infrastructure's
environmental impact. Based on the examined literature, this is the first time such a study
is conducted, opening the way forward for similar initiatives for the future.

On the alternate energy storage option, the hydrogen energy storage is examined, and
the implementation of the much-coveted cold-ironing technique, for the first time in
such a study, is evaluated. Although there are various studies in the available literature
investigating hydrogen systems, there are no researches regarding port infrastructures.
Also, the port's services' insurance through the autonomous proposed HRES is examined
for the first time in such a small infrastructure. A holistic and highly replicable typology
is established that can motivate future researchers for similar initiatives. The high
adaptability of the proposed typology is enhanced due to the existence of thousands of
similar ports worldwide.

Lastly, as for the smart dispatch micro-grid controller, two cases are examined for the
tirst time in port cases. The actual port's energy demand data, power rates, and actual
Greek market data for the suggested technologies are featured. The optimal cases are
acquired by minimising the Levelised Cost of Energy (LCOE) and maximising each
examined scenario's environmental benefits. The selected micro-grid controllers ensure
the whole port's unhampered operation, which has not been investigated in past studies.
Concluding, the main goal of this research is to fill the existing gaps of optimal design,

sizing and control of an HRES operation into a seaport.
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1.12. Thesis outline and objectives

The thesis structure and objectives are outlined below. This thesis attempts to fill the

existing research gaps presented in Section 2: State of the art and enhance the knowledge

of port sustainability through the nZEP concept. First, a literature review is answering to

the following questions:

Which are the main categories of ports from the perspective of nZEP? What may be
their unique characteristics?

Which are the available techniques, measures, and technologies that can be
implemented into ports, diminish their GHGs, and enhance their environmental
footprint? Are they mature enough, or is more expertise needed? Is there any
prioritization regarding their implementation to achieve the optimal outcome
towards sustainability?

Which are the opportunities, threats, strengths, and weaknesses of the concept of
converting a port to a zero-emission infrastructure? Is it feasible? Are there any
examples available in the literature that review the feasibility and the viability of
such incentives?

Lastly, is the cooperation among interested parties strong enough to promote such
moves forward? Are they well-informed and concerned about future climate change
consequences? What is their perception of sustainability, and which of these

measures are included in their business plan?

After this, a statistical analysis is used to identify the key port’s energy profile

characteristics and aid in establishing its sustainable strategic plan. Also, various

forecasting models using statistical and machine learning techniques are examined and

compared to predict a port’s energy demand in 2030. Finally, the projected energy

demand profile is used as an indicator to highlight the urgency and the importance of

modernizing a port’s operations and converting a port into nZEP.
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After finalizing the statistical analysis and the creation of the energy forecasting models,
a Smart Outdoor Lighting Control System (SOLCS) is created by the research team to
control the port’s outdoor lighting efficiently; outdoor lighting into port areas has been
proved to be responsible for more than 50% of their energy demand, in many cases.
Therefore, this research's main objective is to present, examine and evaluate a novel
typology of resizing a Mediterranean port's lighting infrastructures and efficiently
controlling them through the suggested SOLCS.

After examining the implementation of a SEMS in the port’s outdoor lighting, the
prospect of implementing green energy generation and energy storage technologies to
cover a port’s energy demand is presented and evaluated. A holistic framework and
typology concerning the whole process of optimally, in sustainable terms, sizing a port's
Hybrid Renewable Energy System (HRES) is established, presented, and evaluated; the
utmost goal is to create a sustainable port infrastructure towards the concept of nZEP.
Moreover, the potential of a hydrogen storage system and the implementation of the
cold-ironing technique through several assumptions are also examined and evaluated.
Specifically, the prospect of embedding a green hydrogen system in a port is examined
in terms of autonomy and minimization of GHG emissions by concurrently
implementing and examining the impact of the CI technology to the port’s energy profile.
Lastly, an applied assessment framework is presented to provide insights into the design
and the optimal sizing and control of an HRES into seaports, ensuring operational
stability and safety. The proposed framework provides a reliable, cost-effective, and

sustainable solution for a large Mediterranean port's power supply.
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As this study’s outline, the prospect of establishing a typology regarding the conversion

of a port into nZEP is examined in six steps:

A literature review is conducted to highlight the importance and the urgency of
creating the typology;

Several statistical methods were used, and various forecasting models were created
to indicate the need of modernizing a port’s infrastructures and of implementing
green energy technologies for its operations;

A SOLCS was established to efficiently control a port’s outdoor lighting operation,
reducing the energy demand, and thus the GHGs;

The prospect of implementing RES and ESS, establishing a Hybrid Renewable
Energy Systems (HRES), to cover a port’s energy needs is examined through a
multi-objective analysis, including techno-economic and environmental and social
indexes;

The potential of introducing a hydrogen storage system instead of conventional ESS
is examined by concurrently modelling and examining the impact of the CI
technology on a port’s energy demand;

Two control strategies for the port’s microgrid controller are examined and
evaluated based on a multi-objective optimization process. The port’s operational

stability and safety are ensured through the implementation of the HRES.
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2 State of the Art

The research gaps in the available literature are explored, and the inadequate research
areas are explicated to deliver a future agenda for aspiring researchers and port decision-
makers. Thus, this study enriches the current bibliography and, therefore, provides
future researchers or authorities with the capability to draw reliable conclusions

regarding possible sustainable measures and technologies into ports.
2.1. Introductory storyline

Ports are owned, managed, and maintained by various administration types and
stakeholders differing in size, geological, geographical surroundings, and activities and
interests, affecting their final decisions [49-51]. Some central public ports are regulated,
including all regulatory and landlord functions; others operate by hybrid public and
private custody [50,52]. They are sometimes entirely privatised, with all legislative and
operating responsibilities shifted from the public sector, targeting increasing revenues
with the minimum investment cost [53]. Thus, the cooperation among all the responsible
parties and stakeholders is complex; the conception of a common goal is laborious, and
nevertheless, a vague process [54,55]. However, they seem to have typical requirements
and pursuits on their operations' development, reliability, and economic viability [56,57].
Such a representative example is that they all have to ensure economic prosperity and
industrial activity alongside sustainable development, considering cost minimisation and
diminishing risk [58,59]. Several authorities implement a mixture of strategies and
measures, including changes in their urban environment, energy consumption, and
climate perspectives [60-62], aiming to step forward to a more sustainable future. A list
of typical examples comprises the procurement of green towage and dredging, lower

berthing times, shorter idling times for the vehicles, and information of the employees
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and tenants about carpooling, eco-driving, and public transportation, offering
advantageous privileges to those who will decide to participate [63].

As ports comprise complex systems that base their operations on internal and external
factors, they are inherently connected to social, economic, and environmental-related
issues. As a result, they influence their neighbouring cities' performance and the regional
socio-economic welfare [64-66]. The ports' geographical location, actual size, number of
passengers, ships, ownership, stakeholders, and decision-makers define and apply their
distinct management strategies and business plans [67]. According to past research
studies, port operations are vital in many circular economy cases among the port and
surrounding cities [68-70].

Ports have gradually drawn academic interest due to their complex nature of operations
and the different viewpoints that had to be addressed. Indicatively, characteristic
examples are the evaluation of the importance of altering their operations towards
sustainability [71-73], the environmental impacts of shipping operations [74,75], the
sustainability of their logistics [76-78], the assessment of their operations' sustainable
potential [79-81], the examination of the possibility of implementing RES for green
energy production [82,83], and the efficiency of the installation of SEMS into their
infrastructures to enhance their EE [84-86].

The first and most crucial step for any industry planning to reduce its' GHGs [15,87,88],
and mitigate climate change [89-91], is to implement monitoring and real-time reporting
systems. These systems establish a reliable, long-term database, which offers substantial
capabilities. Ports will benefit as they do not frequently alter their energy-demanding
operations; there are only a few disruptions on energy consumption trends through the
years [92,93]. Various authorities have already installed such systems in their industries,
including ports in the EU and worldwide [94,95]. There were notable benefits to their EE

and their public image [96,97].
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EE is gradually gaining attention from ports worldwide, as their authorities realise and
appreciate the actual energy savings' potential [98,99]. Luminaires and buildings
contribute to ports' energy consumption, and therefore, to the increase of GHGs. Besides,
for most ports, the technologies installed for both the heating/cooling operations and the
indoor/outdoor lighting are old-fashioned; several ports have started renovating both
parts, installing light-emitting diode (LED) lights [100], as well as new Heating,
Ventilation, and Air Conditioning (HVAC) systems. Furthermore, the operations can be
automated using smart sensors and controls in both technologies, optimising customers'
and employees' comfort [101,102].

Ports are mainly attempting to move towards sustainability by employing smart
strategies and technologies [103], such as on-shore power supply [104,105] or cold-
ironing, which allows ships at the dock to shut down their fossil-fuel engines [106]
depending on electricity for their mandatory operations [60,107,108]; this leads to
considerable energy savings [109-111]. Furthermore, it can be either used for other
activities, such as port container terminals (PCT), cargo handling, e-vehicles to provide
them with power, deriving from cleaner fuels, or RES[112,113]. Another study disclosed
that micro-grids could further improve ports' operations towards sustainability by
optimising to serve the cold-ironing technique [30,114]; the optimal potential is achieved
when the local port grid depends on RES [115]. Compared to other technologies, it is
frequently utilised globally, and the effects on the overall EE are outstanding [86,101].
Peak-shaving or load shifting allows the high energy demand dispatch to off-peak
hours, relieving the electricity grid and accomplishing substantial GHGs reductions
[116,117]. While arriving at ports, vessels' speed reduction can be crucial for reducing
ship-related emissions and has been proposed a lot in past research works as an easy-to-
implement, although effective measure [118,119]. Another helpful technique is the virtual
arrival of ships, which reduces the vessels' travel speed on their way [120], leading to

even 40% less fuel consumption [92,112,121].
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An issue affecting sustainability and energy consumption is the stability of the transport
phases of goods and the costly re-handling operations [122]. Port authorities have started
using other power sources for ports' energy-demanding equipment, primarily electricity,
to ensure their services' reliability. Electrification of cargo handling equipment and
trucks with batteries [123] has been evaluated [124] and proved that the energy and GHG
reductions could exceed 60-70% [125,126]. Hybrid electrified vehicles are well-known
and consume both fossil fuels and electricity; many ports use them for their operations,
mainly the cargo ones [127,128].

Automation of the services and operations can enhance the overall efficiency; existing
applications on Rubber Tired Gantry (RTG) cranes, PCTs, and other various services had
positive consequences to both GHG emissions reduction and other side-effects
[115,129,130]. Mooring systems can be automated; various ports are already taking
advantage of such a move forward [118].

Green port development [46] and sustainable policies reduce ports' environmental
footprint and enable green energy supply to their operations [131]. RES installations
[132,133], such as wind [134,135], solar [136,137], tidal [138], wave [139,140], and
geothermal energy [63] are high on demand. Photovoltaic systems (PVs) and geothermal
energy harvesters can be utilised for energy production or water heating. In contrast,
wind, ocean, and tidal turbines can be exploited exclusively for energy production
hitherto. Energy storage systems (ESS) can be utilised to reinforce port authorities'
attempts towards sustainability [141,142], as long as they can provide reliability and
stability to the electricity grid through green energy generation and to reinforce several
types of equipment (trucks, RTGs), rocketing up the EE [141,143,144]. Representative
examples can be the trucks and the cranes, storing and distributing back more than 60%
of a port's actual daily energy needs [145-147].

As a source of cleaner energy, alternative fuels could also be used to power port

equipment, such as freight handling equipment (PCTs, RTGs, yard cranes), trucks, and
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boats, as well [19,148]. The most common is the Liquefied Natural Gas (LNG), which
could also benefit port operations [149]. Hydrogen can be the optimal prospect of
alternate green fuels; it can be used in fuel cells to power engines, tackling climate
change. Meanwhile, ports worldwide have initiated using fuel cells for several
operations [150,151]. Bioethanol, at low loads, is harmless for the environment, but no
research works are available in the literature regarding ports using it. Besides, several
ports have exploited biofuels and biomass [152], mainly deriving from the conversion of
waste for their operations, mostly freight ones. The utmost advantage of biofuels is that
they can be mixed with other fuels; the outcome is a 30% cleaner, on air pollution terms,
fuel (i.e., biodiesel) [153].

Future ports wishing to implement the reviewed technologies and measures must be
reinforced with micro or smart grids that enable the optimal operation through
automated tasks in many services. There are ports worldwide that have already
employed smart and micro-grids for their operations with significant economic and
environmental benefits[32,107]. The synthesis and the optimal combination of the
available techniques and technologies to a broader concept, that of nZEP (Figure 2.1), has
been proven to decrease the environmental footprint by more than 90%; the green energy
production can be over 98% [154,155].

After reviewing all this research work, there are various research opportunities for both
port authorities and future researchers; several research areas are not well-examined

(few research studies), as discussed in the following subsections.
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2.2. Forecasting models

This subchapter refers to previous research in forecasting energy demand profiles by
using machine learning models. Although no relevant research has been found
regarding establishing models for ports' energy profiles, various researches have been
conducted to create forecasting models for other sectors' energy demand profiles.
Typical examples are industries, homes, islands, etc., forecasting energy demand in
the short and the long term.

Studies have been performed to determine the forecasting model with the highest
accuracy in predicting energy demand, either by classical statistical methods or by
machine learning models[156]. Methods such as time series analysis, regression
analysis, econometrics, ARIMA, and Al techniques such as fuzzy logic, genetic
algorithms, support regression vectors, and artificial neural networks are widely used
to predict energy demand [157].

For the models' creation, the installed capacity and the gross domestic product (GDP)
(indicators of economic growth) are often used as predictors to the energy demand
profile [158]. Also, the per capita income, the LCOE, and the population are used as
prediction variables, as they highly impact the energy demand [159] [160]. In addition,
meteorological data, mainly the temperature, have been used due to the direct
correlation with energy consumption in buildings and industries [161]; other
parameters such as the relative humidity, wind speed, etc., are also used, as they also
affect energy consumption [162]. Unfortunately, there are no available research studies
regarding forecasting a port’s energy profile due to the complexity of acquiring the actual
energy demand data of a port and the low research interest to such a sector five years ago.
The machine learning models that have been extensively used to predict energy
demand can estimate the actual values, presenting a mean square error (MSE) well
close to zero and a relatively high R? index [163]. Machine learning models such as the
Random Forest Regression (RF), Linear Regression (LR), Gradient Boosting

Regression (GBR) have been used in past studies to estimate energy demand, leading
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to reliable and solid outcomes [164]. Support Vector Machines (SVM), Artificial
Neural Networks (ANN), and k-Nearest Neighbor (KNN) are also quite popular
forecasting methods for the prediction of the energy demand in various sectors; their
most important asset is the computational speed of the forecasting models [165].
Although these models have been used for various sectors to predict their energy demand in the
future, there are no studies regarding ports’ operations.

Artificial Neural Networks (ANNSs) are a widely used forecasting method for energy
demand prediction, which have been helpful for network maintenance planning and
market research on which producers and resellers are interested [166]. ANNs achieve
reliable long-term forecasts, presenting low errors without demanding the use of
multi-year historical data [167]. Because the selection of the ANNs' hyperparameters
in their structure (number of neurons, hidden levels) is a complex process when
creating ANNSs, trial and error techniques are usually used to generate the appropriate
ANN for the case study [168]. Also, past researches on the type of ANN that performs
best in predicting energy demand showed that deep ANNs perform better than
conventional ANNs [169]. ANNs such as the long short-term memory network
(LSTM), convolutional neural network (CNN), and multi-layer perceptron (MLP)
show quite promising results in the field of forecasting electricity demand, requiring
a short training time [170]. The recurrent neural network (RNN) can also fill possible
data gaps [171]. Even though ANNSs are widely known, there are no researches regarding the
prediction of ports” energy demand using such methods.

Compared to the traditional statistical models, such as the ARIMA, Al-based
forecasting methods seem to adapt better to energy demand fluctuations, perfectly
titting the actual data, accurately locating demand peaks, and achieving shallow
prediction errors [172]. Various comparative studies of forecasting models for
predicting the energy demand indicate that ML models and ANN are superior to the
classic statistical methods in accuracy, computational speed, and prediction errors
[173]. Furthermore, LSTM performs better according to six indices (MAE, RMSE,
MAPE, C, MBE, and UPA) than SVR, ANN, ARIMA, and MLR [174]. Finally,
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combinations of a CNN and an ANN, benefiting from the advantages of both
methods, have been used, resulting in higher predictions' accuracy compared to the
other alternative models such as ARIMA, SVM, Linear Regression, Regression Trees
and simple ANNs [175].

As society progresses towards a more sustainable way of life, sectors like port
industries must comply with the most recent regulations and environmental policies.
Forecasting and strategic planning were always part of human development, and
further studies in this field will help in the improvement of existing forecasting
techniques and tools or create even more accurate ones. Unfortunately, although several
studies have been conducted in energy demand forecasting, no corresponding case study has
been found for ports in the available literature.

As ports are a vital node in the transportation sector, involving various parties such
as ships, trucks, logistics companies, local authorities, citizens, etc.,, port
infrastructures inherently impact the regional economies. Also, ports are known to
consume significant amounts of energy for their operations and ensure the
unhampered amenity of their services. Thus, the need for a long-term sustainable
strategic plan in ports is imperative than ever. Finding the energy demand trends in
the upcoming years is a crucial step of strategic planning to countermeasure the
energy demand of the ports.

A major prerequisite for such a sustainable strategy is acknowledging the future
trends in port activities; projections regarding their operation are indispensable to this
procedure. Big data analysis and data mining are vital in finding patterns in the
energy consumption of such sectors. Implementing dynamic and accurate forecasting
tools such as ML models and ANN, alongside the ever-increasing computational

power of modern computers, may give the most appropriate solution.
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2.3. Current port's sustainable state

2.3.1. Port-related parties

The process of converting ports to a smart, sustainable, and emission-free
infrastructure, as an nZEP aims to be, requires several associated parties. These
parties barely cooperate, act individually, and not as a team [176,177]. On the contrary,
they could collaborate and settle towards a common fruitful goal for all the associated
parties [178,179]. A well-comprehensive plan has to be applied; at first, inform these
parties of the imminent problems and the coveted goals, then indicate the available
technologies and measures, and lastly persuade them to collaborate towards a
sustainable future [180]. Unfortunately, the currently limited, relevant published research
works do not permit safe conclusions for port authorities” actual cooperation, sustainability
perception, and approbation of the available techniques and measures. Specifically, the few
available studies are only about large ports, creating many questions regarding the smaller
ports’ stakeholders’ sustainability viewpoints. A possible explanation is the inability to engage
private port authorities, as they operate as businesses and are keen on their long-term profits.

2.3.2. Port cities

There is insufficient cooperation between ports and their nearby cities. Their past
strong relationship is weakening, leading to negative consequences for both parties
[181,182]. Due to adequate literature claims and several instances worldwide, it is urgent to
renew and empower this partnership; if ports are willing to alter their priorities and adapt to
climate change mitigation, implementing effective techniques and measures, this step is
necessary. This partnership will also be beneficial for port cities. It would provoke
several positive outcomes, such as the electricity grid alleviation and stabilisation, the
upgrade of the city's attractiveness, improved living conditions, and human health

prioritisation [70].
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2.3.3. Academic interest

As the field's academic interest is accumulating, the research team attempted a
forecast using statistical tools. The acquired literature was classified by publication
date on this scope, taking advantage of various statistical methods[183,184]. In this
context, a projection could give prominence to the booming research trend on this
specific matter. The x-axis represents two years, and the left Y-axis is about the
research studies on this specific period, while the right Y-axis corresponds to the
summary of the total studies after 2010. According to the projection of the total
number of publications in 2030, the broad nZEP concept has been a snowball in recent
years. Therefore, the research's booming trend on the topic is recent, as the number of
publications has increased up to 5 times in 2020 from 2010 (Figure 2.2).

Ports sustainability is gaining more attention from researchers and authorities
globally [63]. As a result, the number of identified research studies during the last five
years is almost two times higher than the previous 5-year period. Regarding nZEP,
according to the findings of this research work, most tentative research is taking place
in Europe, Asia, and America; the biggest ports worldwide are located in these

regions, and the need for research and developments is tremendously high [185,186].
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Figure 2.2. The estimated projection trend of studies concerning nZEP in the next
decade

Although the explored literature is extensive, covering different topics related to port
operations that could directly or indirectly impact energy conservation, there is an inadequacy
regarding the number of research works on various examined technologies or techniques.
Therefore, the reviewed literature gaps are presented at the end of this section as a future agenda
for both researchers and port interested parties.

2.3.4. Information systems into ports' infrastructures

The acquisition of a detailed, long-term database enables the proper establishment of
an energy profile. A reliable database can provide all the required data, in detail, to
enable the implementation of the appropriate measures and technologies, aiming at
the maximisation of the energy and cost savings, as well as the optimal EE,
concurrently improving the regional living conditions [46,187]. The acquired data
establish a database of the port's emissions and energy consumption, evaluating its
overall energy performance over the years, helping future researchers set a baseline,
examining the proper techniques for their aims, and possibly making realistic

projections [176]. Most of the research studies focus on monitoring air pollution in port areas;
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only a few studies incorporate the energy demand’s monitoring concerning all the port
operations. There is a reasonable explanation why port authorities are mostly rushing
air pollution monitoring, as the World Port Climate Initiative has set GHG reduction
goals for port authorities [66].

2.3.5. Energy management measures and systems

There are only a few studies on the actual evaluation of the port operations' EE; these
utilise surveys, which take advantage of their actual energy demand data monthly or
yearly [188]. However, various key performance indicators and conceptual
frameworks have been established and implemented into several ports to address the
issue [88,189].

2.3.6. Energy efficiency measures on lighting and HVAC systems

Although ports have implemented several EE measures, they remain high-energy-
demanding infrastructures. Typical examples are the lighting and heating/cooling
systems, especially when the incorporated technologies are old-fashioned or not
correctly maintained [190]. First, the old equipment's modernisation is necessary,
replacing it with LED lamps and heat pumps. Afterwards, installing appropriate
sensors ensures these systems' optimal operation, avoiding energy wastes [27,100].
Many examples in the literature have incorporated this exact order of actions to enhance the
EE of their infrastructures; the energy savings were, evidently, substantial.

The ever-growing energy demand does not allow the entire fossil fuel abandoning,
even though the use of clean energy sources is increasing to tackle the imminent
energy crisis. In addition to the expanded and stricter environmental legislation,
public consciousness of environment-related matters such as global warming and
climate change has increased [191]. Until 2030, the share of Renewable Energy Sources
(RES) will be more than 32%; the overall energy efficiency will be increased by 32.5%,
and, lastly, the Green House Gases (GHGs) emissions will be reduced by 40%
[192,193].

Ports are characterised by high energy demand, complex operations, and many end-

users; they can be considered communities, villages, or small towns. The primary
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concern for port authorities towards sustainability is to reducing the port-related
GHGs. Superior expertise and experience are necessary to minimise port operations'
impact on natural resources depletion and national markets. Ports on-shore operation-
related GHGs result in high social costs; seagoing boats and adjacent means of
transport also contribute to port-related GHGs [155,194,195]. Most of the current
technologies and techniques are outdated; there is a vast need for replacement;
remarkable energy savings and a significant decrease in their environmental footprint
are imminent [180]. In this context, ports are forced to conform to even stricter
monitoring and social regulations. Thus, authorities have already started replacing the
existing high-energy demanding infrastructures and implementing Smart Energy
Management Systems (SEMS) to strengthen the overall port operations' efficiency
[19,41].

Nearly Zero Energy Port (nZEP) is a promising initiative towards ports sustainability
[196].SEMS exploitation is an attractive first step to reduce energy waste and optimise
port operations' overall efficiency, not only in energy matters [197-199]. This step
should be a prerequisite before the RES sizing and implementation [200-202].
Technological growth in the maritime services industry is closely related to various
ICTs aiming at safe sailing and improved operations for all shipping players [203].

In parallel, outdoor lighting is necessary for safety and comfort, improving aesthetics
[204,205]. Effective use of road lighting helps protect pedestrians and drivers;
meanwhile, there are economic benefits [206]. Satellite imagery shows that the amount
of outdoor lighting in Europe increases, with cities showing the most incredible
intensity, as 72% of the population in Europe live in urban areas with a significant
extension of their activities after sunset [207-209]. According to recent studies, lighting
constitutes 15% of the total global energy demand and is responsible for 5% of GHGs
[210].

A new philosophy has begun for evolving public outdoor lighting to become more
efficient, economical, and environmentally friendly in cooperation with the

architectural environment [211-213]. Outdoor lighting provides opportunities for
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social use of public spaces at night and can improve road safety and crime prevention
[214,215]. However, outdoor lighting also consumes significant amounts of energy.
Therefore this is not only an economic cost for the local authorities, as it represents
60% of the electricity cost in cities, but it also contributes significantly to the GHGs
[216]. On the other hand, street lighting can save more than 50% of energy if LED
lamps are installed [217,218]. Also, if SEMS are incorporated, the energy savings can
further increase to more than 33%, according to existing studies [219,220].
Nevertheless, in April 2017, an EU regulation replaces low energy-efficient lamps with
contemporary ones [221].

More than 90 million installed streetlights globally; the energy consumed due to street
lighting is more than 114 TWh yearly, resulting in 69 million tnCO2 and eq [222]. The
environmental and financial impact of street lighting is expected to increase due to the
current urbanisation trends; the number of streetlights is predicted to increase by more
than 300% in the upcoming decade [223]. Various studies have revealed that proper
street lighting design amplifies the sense of personal protection and safety. An
effective and operational street lighting can diminish crime and traffic-collision cases,
encouraging socio-economic activities during night-hours. The obsolete ON/OFF
lighting technique is based on astronomical clocks, with an annual calendar
incorporating a scheduling system that is less efficient than other initiatives with the
same purpose [224,225].

Outdoor lighting into ports holds a considerable energy demand share, sometimes
exceeding 70% of a port's total energy needs [226]. Due to the current climate change
challenges, several methods have been examined to make lighting more efficient,
reducing energy wastes. The innovation of Light Emitting Diode lamps (LED) and the
exploitation of RES opened new horizons for outdoor lighting studies, entailing

energy and economic prosperity [118,129,227].
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Three main steps regarding the reliability and energy-saving potential of outdoor
lighting are discussed in the available literature:

e the replacement of the luminaires;

e the reassurance and regulation of the lighting efficiency;

e the luminaires' automatic control according to the streets' conditions [228].
Installing a smart outdoor lighting control system (SOLCS) provokes substantial
energy savings and financial profits. However, efficiently illuminating a port area and
complying with each space's distinct illuminance regulations is a complicated task.
Control systems taking advantage of daylight have considerable energy savings,
especially for indoor applications. Daylight harvesting takes advantage of the ambient
light to counterpart artificial lighting from the installed lighting systems to achieve a
target illumination level, reducing the electric loads [229-232]. Smart office lighting
systems are the future trend, as their energy conservation, cost reduction,
improvement of safety, and easy maintenance, make them an essential tool towards
sustainability [233]. Based on the occupants' location and daylight distribution, LED
lighting systems' control can achieve substantial energy savings [234].

Many schemes that selectively dim lights to increase energy efficiency have been
proposed, but little attention has been paid to the resulting street lighting system's
utility [235]. Substantial energy savings regarding street lighting are achieved by
implementing traffic-aware lighting schemes and exploiting suitable predictive
models [236]. Interestingly, utilising algorithms can be highly beneficial to outdoor
lighting control; several studies have been conducted regarding tunnel lights,
promising significant energy savings [237]. Besides, Artificial Neural Networks are a
useful tool to control street lights' operation; the employed training algorithm attains
significant energy savings compared to other algorithms [238]. Furthermore, such
daylight-adaptive and energy-efficient smart lighting control methods can be used to
adjust the luminaire's dimming levels appropriately [58]. Lastly, another interesting
approach is to create a complete system of both lighting control systems and RES's

implementation to create an IoT system and achieve the best possible outcome [239].
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As a contribution to the literature, this research fills several research gaps and rectifies
some of the current open issues in lighting control systems for outdoor spaces. This
typology responds fast and accurately to any unpredicted and unexpected alteration
of the smart-control parameters, such as the daylight or space's occupancy. Every sub-
space is handled individually by the presented SOLCS, considering the different
legislative and real-time needs, instead of handling the port area in total. The smart
control algorithm's main novelty refers to examining, evaluating, and regulating the
lighting conditions of 21 subspaces, according to their unique characteristics, at the
same time by ensuring the end-users satisfaction and compliance with the legislative
standards. In parallel, unlike prior research works, there is no need for multiple
illuminance sensors to make this system efficient, which leads to increased investment
and maintenance costs. Only one photodetector and an occupancy sensor are required
for the system, making the proposed topology more practical and attractive for
investment.

Also, a sustainability assessment is conducted regarding the effective use of the port's
outdoor lighting infrastructures and the efficient illuminance of all the port's spaces.
This work challenges encompassing and reviewing the potential of two smart indoor
lighting control strategies into outdoor applications. The credibility and viability of
this smart system are examined, quantified, and evaluated through the sustainability
assessment, enabling future interested parties to implement it or to conduct further
research for their specific case; the high adaptability and replicability of this typology
enable such initiatives, making it a generic tool for administrative authorities of every
sector worldwide.

Ultimately, all three sustainability pillars are considered and equally satisfied,
establishing a smart and environmentally-friendly system. Furthermore, the
optimisation of the energy efficiency and diminishing the GHGs by concurrently
complying with the legislative standards and enhancing the user's comfort is

examined for the first time, to the best of the authors' knowledge.
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2.3.7. Peak-shaving

As already mentioned in Section 2, peak-shaving is a challenging technique applied
in any industrial infrastructure that facilitates RES and ESS[240]. nZEP plans to
incorporate both technologies to achieve the zero-emissions target, which is an ideal
case for this technique [241]. A few studies regarding applying and evaluating the
technique into port operations exist in the literature; the outcomes are fruitful and
provoke significant GHG reductions [109,242]. Furthermore, the experience and the
expertise on this technique are well established in the literature for applications in
infrastructures other than ports; it seems reasonable that there will be no complications
implementing it into ports.

2.3.8. Vessels speed reduction

As proved, reducing a ship's speed by 20% can lead to even 40% fuel consumption
decreases [112]. Therefore, port authorities can lead the way to reduce GHGs by
forcing regulations (i.e., high-speed level) or offering incentives to the ship owners
towards this concept (reducing the speed of the ships while they are approaching
ports) [243]. It can be an excellent measure for diminishing air pollution into port areas
accompanied by the cold-ironing technique. Several works in the literature are promoting
this measure as an ideal solution to GHG reduction policies.

2.3.9. Virtual Arrival Time

The virtual arrival time manages the vessels' speed, according to the existing and the
immediate upcoming situation of the port's berth so that the ship arrives without
anchoring [92]. The ships' waiting time, at the berths, is thus reduced; the GHGs and
the energy costs are decreased. This technique is well-established in the literature, and the
conclusions are drawn regarding its availability and expertise are reliable and safe.

2.3.10. Cold-ironing

Cold-ironing or on-shore power supply can essentially diminish GHG emissions and
tackle climate change [244]. It is noteworthy that, if this technique is combined with
RES energy, the result is a green procedure; the entire amount of energy needed for

the ships at berth or other electricity-powered activities is deriving from renewable
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sources (green energy). The potential GHGs and fossil fuel-related energy decreases
are outstanding. Cold-ironing can achieve over 95% energy and GHGs savings.
However, on the other side of the coin, the high infrastructure cost and the
connectivity complexity are critical bottlenecks for some ports [245]. Though there is
slow uptake in ports worldwide, as only 28 have implemented this measure, the available
literature is adequate with studies and simulations. This technology is mature and
economically feasible; the outcomes are tangible and clear to encourage or discourage future
decision-makers from including it in their business plans.

2.3.11. Electrification/ Hybridization of equipment

The equipment's electrification or hybridisation is the most efficient technology to
enhance the energy-intensive PCTs, their current situation, and their overall
performance; significant decreases in energy costs, peak loads, and GHGs are
imminent. Electric-powered machines are more energy-efficient than fossil-fuel-
based ones. However, their initial capital costs and the more frequent damages are
critical barriers to their application. Machines, coupled with batteries, result in
standardising performance and service rates, removing confusion about response
times, and reducing operational costs and human errors. There is a lack of evidence in
the available literature regarding these technologies due to the limited number of available
studies; the existing ones prove the great potential for energy savings and GHG emissions
diminishing.

2.3.12. Automation on port operations and services

By electrifying the existing machinery, the asset of automation is enabled. As a result,
the overall port's performance can be enhanced, and the savings can be significant.
Automation includes several tasks that may result in less traffic congestion into port
areas, reduced container shambles, optimised travel distances, and improved lifting
procedures by minimising unnecessary lifts [246]. Another effective automation
technique concerns the systems that can reduce the mooring operation time; it can
save more than 1.5 h to ships and reduce vessels' turnaround time. The benefits are

environmental and economical, making this technique necessary for every port
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authority that can afford it. The key drawbacks include that the human interferences
are decreased, there is a high dependency on electrical equipment, and if the
automated tasks are not correctly programmed, they may lead to accidents. In
conclusion, the automation sector is more than 30 years old; both the expertise and the maturity
in the field are more than adequate. Various available studies regarding automation in port
infrastructures can reinforce those mentioned before and guide stakeholders to judge if the
technique is appropriate for their case.

The reviewed technologies and solutions regarding environmental management are

presented in Table 2.1.
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Table 2.1. Available environmental management-related techniques/technologies main characteristics

Technology/ Technique Application Area  Description - Operation Risks Advantages
Replacement of the obsolete - High energy efficiency
EE measures on lighting and equipment and the - Automated tasks
All ports - High initial capital
HVAC systems [27,100] implementation of smart - Fewer energy costs
sensors - Better comfort conditions
- Fewer energy costs
Peak-Shaving / Load Shifting Shift of the energy demand - High dependency on
All ports - Less stressed electricity
[109,242] from peak to off-peak periods RES
grid
- Fewer energy costs
Vessels speed reduction Reduce the vessels' speed
All ports None - Less GHGs
[112,243] during berthing
- Less noise
- Fewer energy costs
Management of the ship's - Less GHGs
Virtual Arrival Time [92] All ports speed in a way that the None - Less noise
anchoring is not needed - Enhanced just-in-time

berthing
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On-shore power supply,

Berthed ships plug into the

shore electrical network and

- Capability of achieving a

- High investment costs
cold-ironing All ports use energy from the electrical nearly Zero Energy Port
- Complex connections
[101,107,247-249] grid instead of the - Less GHGs into the port
combustion of fossil fuels
Shore to ship
Electrification cranes [251] - High initial capital - High EE
of cargo National Replacement of the existing -  More  frequent - Lessnoise
handling Rail-mounted International cargo handling equipment damages - Automated tasks
. gantries [252] . . . .
equipment ports with recent fully electricones - Depend on the -Disengagement from fossil
[250] Rubber-tyred electricity grid supply  fuels
gantries [141]
Replacement of the existing
National - Very high initial - High EE
Hybridisation of cargo handling equipment with recent fuel-
International capital - Independence from the
equipment [253] electric ones or plug-in
ports - Noisy electricity grid

electric hybrids with batteries
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Installation of SEMS to

- More frequent errors - Higher EE

International - Increased risks of - Lessenergy costs
Automation of PCTs[179,246] control the PCTs' operations
ports accidents - Less traffic congestion
automatically
- High investment cost - Lower turnaround times
Remote-controlled  vacuum - High initial capital
Automated mooring systems - Lower turnaround times
All ports pads and hydraulic actuated - Increased risk of

[118,254]

arms for the mooring

- Less GHGs into the port
accidents
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2.4. Renewable energy systems

RES can significantly reduce GHGs and effectively tackle climate change and its
consequences [183]. In addition, generating on-site green power at ports can
significantly reduce port-related GHGs, improve the public opinion and social
acceptance of ports, and reduce their energy-from-grid demand [255].

2.4.1. Power production from Renewable Energy Sources

Most of the research works regarding RES power generation into ports were about
PVs since it is the most cost-effective and mature solution. PV systems are utilised for
green energy production [82,133,256,257], or water heating [252,258], and are common
in off-grid applications. After simulating several PV systems into ports, they are a
useful measure for nearly zero energy and low carbon ports [103,136]. Rooftop PVs
(ships' docks, buildings' and PCT' roofs) are the most preferred option, as they can
produce significant amounts of energy; they also take advantage of unexploited areas.
Besides, various research works describe wind resources' exploitation either into port
areas [136,142] or not far away from their territory [259-261]. There seem to be
restrictions due to the need for spacious areas for ports keen on installing wind
turbines (WTs), either on-shore or offshore, which makes the experience and expertise
on the technology relatively low. Although this technology has been more energy-
efficient than PVs, and the other available RES, the initial investment cost and the
negative social acceptance make it a less preferred solution [133]. For offshore WTs
[262,263], special contracts must be signed with the wind farms' developers regarding
the energy purchase protocol and the electricity grid. Lastly, it is proven that this
technology can improve smart grids' efficiency if combined with ESS since there is
almost always energy generation, even if the wind speed is low [180].

The most common ways of harnessing ocean resources [264] are wave and tidal
energy. However, they both have some crucial disadvantages, for the time being; even
if they can be predicted at some point, there is limited reliability on such machinery,

and their cost is still exceptionally high [265-268]. Moreover, these technologies are
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growing but are still immature and are not preferable by the port authorities; the related
literature is insufficient.

Geothermal energy serves two main direct uses, energy production[63] and
heating/cooling, taking advantage of the heat deriving from the earth's layers.
According to the literature, the most common use of geothermal energy is heating and
cooling buildings [201]; Only near-surface geothermal energy is applied to EU ports.
There is an inadequate number of relevant research studies on this field; no conclusions can be
drawn regarding this technology’s efficiency and applicability on ports.

2.4.1. Energy Storage Systems

There is a fair range of solutions available for storage technology that can be divided
into mechanical, thermal, electrical, electrochemical, and chemical energy storage
[269]. Pumped hydro storage (PHS) is the leading technology, as it is cheaper and
more technologically mature than any other available storage method [270,271]. On
the contrary, PHS future development is limited because of its specific geographical
prerequisites and probable environmental impacts [272]. Various studies have
examined and indicated the most appropriate energy storage technology as an
auxiliary power source for RES. Today most RES incorporate Photovoltaic Systems
(PV) for energy production and batteries for energy storage purposes, depending on
the availability of renewable energy resources and the load demand [273]. PV is the
most common RES due to the availability of the solar resource [274,275], and the
technology's gradually decreasing initial costs alongside its low environmental
footprint [133,276].

Up to this point, one of the critical variables compelling the benefit of renewable
power sources has been the frailty of batteries to store enough power to provide users'
needs during periods that RES cannot. Traditionally, batteries are used to accompany
PVs to store the excess energy during the day and solely provide it during the night,
when there is no PV production because of the lack of sunlight [277-279]. Although
batteries are an efficient storage system, they also have some critical disadvantages,

according to past research [280,281]. This type of storage is expensive, large per unit
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of stored energy, and can solely be used for short-term storage. For instance, a PV will
need many batteries to ensure the power supply's stability and operational reliability
[282]. Also, the lifetime of batteries is significantly lower than the other energy storage
systems; they need to be replaced several times during the lifetime of a 25-years project
[180]. However, most systems include an auxiliary generator to provide the remaining
energy in extreme load demand periods or during unexpected occurrences; this
increases the initial capital and operational costs [283,284].

Also, remote areas, such as small islands, face two major problems, (a) the fuel
transportation problem and (b) the lack of an electricity grid and unhampered, reliable
power supply [285,286]. Consequently, research studies are to establishing Hybrid
Renewable Energy Systems (HRES) incorporating different renewable technologies,
such as PVs, Wind Turbines (WT), biomass, hydroelectric [287], or even wave and
tidal energy resources [288,289]. PVs and WTs have been examined and evaluated in
several past studies, proving that these two technologies are the two key players for
HRES [290,291]. Other RES, such as hydroelectric, biomass, and wave/tidal energy, are
less known to be used for HRES due to the infrastructures buildup, their operational
complexity, their immature technologies, the low expertise on the field, and their high
initial capital [292-295]. Therefore, HRES is preferred to comprise PVs, WTs, and
batteries used for backup power supply, establishing power-autonomous systems
[296-298].

Past research on HRES has indicated that such a sustainable system is feasible and
viable and can alleviate cities' electricity grids from peak demands during high daily
or seasonal load demands. Especially in the concurrent integration of PVs and WTs
alongside a battery storage system, the renewable fraction can exceed 90% for on-grid
applications [299-302]. As for off-grid applications, such HRES are capable of
supplying all the necessary power at any time of the day, diminishing the chance of
unmet loads due to the existence of an auxiliary generator [303-305] or several battery
systems [306,307]; though, on the case of integrating an auxiliary diesel generator, the

GHGs are not diminished. A past study shows that a 0.161$/kWh Levelised Cost Of
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Energy (LCOE) is possible for a green HRES in Bangladesh [308]. Another study, using
actual market data, indicated that the LCOE of a hybrid grid-connected system could
be less than 0.10€/kWh in Greece [180].

A feasibility study of an island's standalone HRES indicated that the island could be
wholly energy-independent; the proposed HRES can be a cost-effective solution with
an LCOE equal to 0.595 $/kWh [309]. A standalone microgrid developed with solar
photovoltaic (PV)/diesel/battery for a small town of Western Australia made evident
that the integration of a PV system with battery storage alongside the existing diesel
generators could play an essential role in reducing the cost of energy production, fuel
consumption, and generators' operating time [310]. Also, the incorporation of an
HRES combined with a diesel generator could reduce the energy load and emissions
in Saudi Arabia. It was found that a system with a 35% RES contribution was most
effective compared to the single diesel-powered system [311]. Another study,
incorporating an HRES including biomass, showed that the LCOE of such a system in
India is 0.2899$/kWh, and the GHGs emissions can be significantly reduced [312].

As already mentioned, PVs and WTs depend on weather conditions, which lead to
uncertain, intermittent power supply [313,314]. Although batteries provide a solution
for short-term energy storage, there is still difficulty storing energy for long-term
periods [315]. It is expected that the introduction of hydrogen systems will help to
overcome the storage difficulties and will open the way towards a more sustainable
future [316-318]. Few research on the usage of hydrogen-based storage systems for
large-scale hybrid green energy input scenarios has been reported in the literature;
however, several examples have been reported to date to use hydrogen storage in
smaller-scale HRES, i.e., households, small islands. Most recent studies focused on
reducing the cost of installing a hydrogen system to be more competitive than
batteries.

A combination of battery and hydrogen fuel-cell for a 100% HRES was suggested in
another study. This study evaluated different combinations of energy storage systems

and concluded that combined hydrogen-battery HRES is an innovative approach for
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100% renewable energy systems. The excess energy is eliminated from the energy
storage use, and the discounted payback was equal to 6 years; the investment is viable,
teasible, and fruitful for future investors [319]. Furthermore, a fuel cell-hydrogen
system was proven to eliminate the green power supply fluctuation but not
economically viable due to the components' high initial costs [320].

Based on their economic issues, a comparison between PV/Wind/Battery and
PV/Wind/Battery/Hydrogen systems was made, based on their economic issues, for a
sizeable long-term scale energy storage solution in Australia. After the hydrogen
system's penetration into the HRES, the LCOE reduced from 2.54 $/kWh to 0.626
$/kWh. The research team also evaluated reducing the baseload supply of gas and
increasing renewable energy penetration with limited generation capacity. The excess
hydrogen was utilised in this alternative case, which improved the system's overall
economic feasibility. In this situation, the LCOE was further decreased to 0.494 $/kWh
[321]. Based on the pilot hybrid project's techno-economic issues, a study on the
Amazon region indicated that electricity cost with hydrogen storage system was 1.351
$/kWh [322]. Comparing a PV/Battery, PV/Battery/Diesel and PV/Battery/Fuel cell
system for a remote base station, found that even in the best-case scenario (2.5%/1t), the
cost of electricity with a diesel generator system was 15% cheaper than the cost of the
tuel cell system [323].

Another research indicates that a battery storage system is superior to a hydrogen
storage system for domestic usage in Sweden. When a sensitivity analysis was
applied to this case, the results revealed that a possible 25% cost reduction of the
electrolyser's price would lead the hydrogen storage system to have a similar self-
sufficient ratio with the battery storage system [324]. A feasibility analysis was
conducted regarding some PV-wind turbine systems and battery and hydrogen
storage for a small village in Tioman Island in Malaysia. The study showed that the
HRES had an LCOE of 1.104 $/kWh. However, due to reliability issues, a fuel cell was
introduced in the solar-wind-battery system in terms of power supply, ensuring the

unhampered power supply; the LCOE was reasonably increased to 1.108 $/kWh [312].
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Another study on a small island in East Malaysia has shown similar outcomes, but for
a lower LCOE, the LCOE value of the proposed HRES without the hydrogen storage
was 0.323$/kWh, which slightly increased to 0.355%/kWh after implementing the
hydrogen storage components [325,326].

This research attempts to "fill" the research gaps mentioned above. First, the
sustainability of small ports is examined, as there are inadequate past studies on this
specific topic. Although there are various studies in the available literature
investigating hydrogen systems, there are no researches regarding port
infrastructures. Also, the port's services' insurance through the autonomous proposed
HRES is examined for the first time in such a small infrastructure. Second, a holistic
and highly replicable typology is established that can motivate future researchers for
similar initiatives. Third, the high adaptability of the proposed typology is enhanced
due to the existence of thousands of similar ports worldwide.

An nZEP aims to achieve almost 100% renewable energy penetration, which is why
numerous port authorities attempt to install ESS alongside all the above. ESS vary
from different types of batteries to flywheels and hydrogen-fuel cell systems. They can
be used embedded into trucks or on other electric or hybrid machines, or even
discretely to save the RES excess energy and reclaim dissipated energy [141,180,327].
In addition, these systems can provide stability and reliability for the port operations,
ease the port city's electricity grid, and deliver an essential means of ensuring the
ports' unhampered functionality. Regardless of their multiple advantages, the most
critical disadvantage is that they have high initial investment costs, and their lifetime
is relatively low, making them an expensive solution. Unfortunately, the relevant
literature in port infrastructures is distinctively scarce for Hybrid Renewable Energy Systems.
On the contrary, there is a significant variance of studies for PCTs and freight handling
equipment; these technologies are primarily well-tested and mature.

The reviewed technologies and solutions regarding RES that can be implemented into

port areas are presented in Table 2.2.
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Application Description -
Technology/ Technique Risks Advantages
Area Operation
Installation of
Installation of PVs on
Photovoltaic (PV) - Low initial investment costs
rooftops or
systems - High EE
Solar power unallocated fields to - Less energy-efficient
[82,256,257] All ports - Mature technology
generation exploit solar power than the other RES
- High expertise in the
Solar water and generate energy
technology
heating [252,258] or heating
- High initial investment
Exploitation of wind - High EE
Onshore costs
All ports energy sources to - Efficient use of unallocated
[136,142] - Low social acceptance
Wind power unallocated fields space
- Landmark degradation
generation
Offshore [259- - Spacious ports
Installation of WT Wind power - High EE
261] [262,263] - High initial investment
into wind parks International generation into - Efficient use of unallocated
costs
Floating Ports marine locations marine space
- May harm ecosystems'
[328,329] away from the shore - High social acceptance

stability
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Wave energy - High initial investment
converters Ocean power cost - High EE
[265,266] generation into - Spacious ports - Multiple applications
Ocean  power
All ports marine locations near -Immature technologies - High social acceptance
generation [330] Tidal energy
or away from the - May harm ecosystems' - Non-existent landmark
converters
shore stability degradation
[267,268]
- Low reliability
- High initial investment
Power generation Geothermal — power .
cos
[63] exploitation for ‘ - High EE
- High  geothermal
Geothermal All ports energy or - High social acceptance
potential required
Heating and heating/cooling o - Multiple applications
- Low expertise in the
- purposes
cooling technology
Exploitation of
electricity for both - High electricity reliability
- High initial investment
Power  storage, energy storage for and stability
Energy storage - Low lifetime of the
electrification of All ports smart techniques (i.e., - Electrification of equipment
systems technology

equipment

peak-shaving) and the
electrification of

trucks

- Incorporation of automated

tasks
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2.5. Alternative, renewable fuels and waste conversion

2.5.1. LNG

LNG is widely used in many appliances worldwide. Specifically, it can be used both
as fuel for both powering ships [290] or other inland operations in ports. LNG's main
disadvantage is that it needs spacious infrastructures to facilitate its storage and
bunkering points [331,332]. On the other hand, GHG emissions from LNG use are, by
far, less than those of petroleum-based fuels. Specifically, the SO: emissions are
reduced significantly, and COz, NOx emissions are reduced by almost 25% [333,334].
2.5.2. Renewable fuels

There are no available studies on using biomethanol as a fuel for ships, and no techno-
economic analyses are available, hitherto. Only a few methanol-fuelled vessels are
currently operating; the GHG reductions, compared to conventional vessels, are
proved to be substantial. However, there are several drawbacks to using biomethanol,
i.e., the higher cost than other fuels, the higher GHG emissions during its production,
and the lack of experience, as it has not yet been tested for marine impulsion [335-
337].

Biomass can be turned either into biogas, or liquid biofuels, which are viable
opportunities for ports; the waste biomass produced by their operations can be
efficiently utilised instead of fossil fuels, leading to environmental and economic
benefits; biofuels can be used to power trucks, for instance [338]. However, biomass
and biofuels require specific techniques and equipment during their base exploitation
operations. In addition, proper measures to avoid safety hazards are compulsory. A
combination of the complexity and the high cost of the machines, alongside the risk of
misusing these products, discourages decision-makers from choosing them as an
alternative to fossil fuels and researchers from studying them in their simulations.
Thus, there are no enough research works to draw reliable conclusions concerning these

technologies; the possible complications in port infrastructures are still unknown [339-341].
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Hitherto, any possible conclusions regarding this type of fuel can only be generalised by
international literature.

Hydrogen fuel cells are utilised mainly for storage and to power several types of
machinery [150]. They can also be used to power ships [342], but this is not common;
only a few vessels of this type currently operate [343]. Various ports have
implemented hydrogen for their PCTs, cranes, and other freight handling operations
[151]. There are several bottlenecks regarding the use of hydrogen, in general, such as
the cost, its dependence on fossil fuels for the separation of oxygen, the storage
complications, the trickiness to move it around, and lastly, its high risk as gas. There is
a scarcity of studies about hydrogen as storage in ports, and the available ones, regarding ship
powering are not adequate for safe conclusions.

2.5.3. Waste conversion

Lastly, a vast amount of waste needs to be handled daily; an optimal solution is to
produce thermal energy or biofuels. However, there is a need for a considerable initial
investment that many ports' authorities cannot afford. Moreover, the literature’s
availability is far from satisfactory, as there are only a handful of studies on waste management
towards sustainability into ports.

The characteristics of the reviewed alternative, renewable fuels, and waste conversion

are presented in Table 2.3.
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Application Description -
Technology/ Technique Risks Advantages
Area Operation
Biomass [152,344] Exploitation of - High initial investment
biomass and biofuels cost for the machinery - Low-cost fuels
Alternate green
) All ports instead of fossil fuels - Low expertise in the - Multiple applications
fuels Biomass [152,344]
and Biofuels [345] for energy production technology - No landmark degradation
and heating purposes
Production of thermal - Circular economy
International - High capital cost and
Alternative use of oily waste [29] energy using oily - Less energy costs for
ports initial investment
waste heating/cooling
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2.5.4. Smart - Micro Grids

Smart and microgrids are the missing links for all the available measures and
technologies; they offer the capability to control and automate a whole industry [346]. For
example, the energy produced by one or more RES can be distributed to the electricity
grid by a microgrid, which aims at the optimal cooperation of these two separate systems
[347]. Microgrids comprised of solar, wind, and other RES systems offer an opportunity
for ports to efficiently meet their electrical energy requirements through green energy
and EE [348-350]. The imminent energy and environmental crisis worsen the climate
change problem [351].

Ports are energy-intensive consumers, accounting for 3% of global GHG emissions [352].
RES could play a major role in the problem's solution, but the stochastic nature of RES is
a crucial bottleneck [353]; an ESS is needed to normalise the fluctuating, unpredictable
and unreliable green-power supply [354]. An HRES combined with a smart micro-grid
controller could be a viable and feasible optimal sustainable solution [355]. In HRES
development, the system's optimal sizing and control are two essential issues to be
handled [356]. Several studies have attempted to achieve the optimal outcome regarding
the sizing of an HRES incorporating either custom-made algorithms or employing
HOMER [357]. This model meets the predefined load specifications with various
technologies and resource choices by simulating the whole-year HRES operation [358].
There is a limited number of sufficient studies on smart or microgrids in port infrastructures, but
the expertise and the cost-effectiveness of this technology make its application obligatory for future
SEMS.
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3 Methodology

In this chapter, a comprehensive approach to the research's methodology part is
presented.

At first, a detailed literature review is conducted to enhance the knowledge of port
sustainability and set the base knowledge regarding the available technologies and
techniques. Based on a thorough Literature Review of 236 publications between 2010 and
2020, more than ten technologies and 15 EE measures were identified. Various ports
worldwide have attempted to install RES, SEMS, and other climate change mitigation
measures. The research gap regarding the nZEP concept is highlighted and helps the
readers acknowledge this research work's importance.

The case studies' selection is the next step; several criteria were used to pick the optimal
ones, covering a wide variety of cases, enabling the extraction of solid and reliable results
for all the port categories, establishing a universal and highly replicable typology. The
acquisition and examination of the port's actual energy data come next; this procedure
was completed through the collaboration with ports' personnel and the implementation
of smart metering systems from the electricity provider (HEDNO). Then, the statistical
analysis (big-data) is executed using mathematical tools to determine the port's actual
energy needs and their allocation for the ports' services. Lastly, several ML models/tools
were used to foresee the ports' energy profile for 2030, indicating the need to amplify the
current ports' state in energy terms.

After analysing the energy data of the four case studies, the outdoor lighting
infrastructures are proved to be the most energy-demanding operation for all the cases;
the total renovation of the outdoor lighting infrastructures is the first accomplished task

by replacing and relocating the old-fashioned luminaires with new LED ones. A SOLCS
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was established for the optimal control of the lighting output of the new luminaires
according to the sun's illuminance and each port's space occupancy, implementing a non-
invasive SEMS into the port activities.
After examining implementing a SEMS, several HRES for each port case are
conceptualised, simulated, discussed, compared, and evaluated to pick the optimal
among them. The HRES consists of PV arrays, WTs, and ESS. Next, feasible and credible
solutions are placed into a candidate pool. Finally, the optimal one is picked for each
sustainability criteria, as set by the research team.
The cold-ironing technology is integrated and examined to eliminate berthing ships'
emissions harmonised with the most recent EU legislation. Concurrently, the outlook of
integrating a hydrogen storage system is evaluated in terms of autonomy and
minimisation of the port's GHG emissions; the outcomes are compared to the other
examined ESS of the previous step.
The last step is an applied assessment framework to provide insights into the design and
the optimal sizing and control of an HRES into seaports, ensuring operational stability
and safety. The proposed framework provides a reliable, cost-effective, and sustainable
solution for a large Mediterranean port's power supply. It is also highly replicable
regardless of the port's size.
The port's total renovation towards a sustainable infrastructure is handled in seven steps:
(a) The past literature's exploration, indicating the proper, available techniques and
technologies;
(b) The examination of the ports' actual energy data, establishing the real hourly
energy profile through a detailed statistical analysis;
(c) The use of machine learning (ML) techniques to project the future ports' energy
consumption;
(d) The renovation and smartification of the ports' outdoor lighting by examining the

efficiency of a newly-established SOLCS;
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(e) The optimal sizing of the ports' HRES, examining various available RES and ESS
technologies;

(f) The implementation of the cold-ironing technique and the use of a hydrogen
storage system;

(g) The optimal configuration of the ports' micro-grid energy dispatch system

(control) by comparing the available techniques (Figure 3.1).

Hydrogen Storage and
Cold-Ironing
Implementation nearly Zero Energy Port

Smart energy dispatch strategy
Implementation

,,,,,,,,,,,,,,,

Energy forecasting models S

”+"" Smart Outdoor Lighting
-~ Control System
Implementation

,,,,,,,,,,,,,,

Literature Review Hybrici Renewable Energy

System Implementation

Figure 3.1. Thesis methodological steps
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3.1 Review paper methodology

3.1.1. Main steps of the study

A systematic literature review [359,360] has been carried out to avoid potential bias. The
research team established a robust database by restricting the literature to academic, peer-
reviewed articles, conference proceedings, book chapters, and technical reports
published after 2010. All these were included to ensure that there are good viewpoints
on the topics of interest; the number of peer-reviewed publications was inadequate in
some cases. Meanwhile, usual studies, projects, and regional reports were excluded.
Specific titles and keywords were investigated in broad databases, such as ScienceDirect,
Web of Science (WOS), Institute of Electrical and Electronics Engineers (IEEE), Explore,
Google Scholar, and CiteCeerx. Indicatively, "energy ports", "green ports", "ports
sustainability”, "port's sustainable development”, "sustainable port infrastructures”,
"ports’ air quality", "greenhouse gases into ports", and "climate change and ports" were
among the used keywords. The two inclusion and exclusion criteria ensured the selected
literature's relevance, decreasing the initial number of results according to the keywords.
After the acquisition of all the available literature, several filtering stages followed.
During the initial stage, almost 3,000 results appeared; the duplicates, the outdated
research works (before 2010), and other irrelevant studies were excluded (ni=2,158). Right
after, the inclusion (high relevance with the nZEP concept, studies that answer the
research questions) and exclusion criteria (irrelevance with the research aims, similar
studies with minor differences, conference proceedings, and reports) were applied, and
almost half of the literature was excluded (n2=421). As a third stage, an abstract and
conclusions scan took place; the research team kept only the high relevant articles
(n3=249). The fourth stage included two sub-stages; at first, the full papers were studied,
and after that, the papers that were irrelevant to sustainability, air pollution, SEMS, or

RES application into ports were excepted (n+=201). The snowball sampling technique was
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applied as the last stage, and the final number of papers was ns=236. Supplement
references, mainly for the availability of the different technologies, were included. Several
studies from the broad field of sustainable development were selected to provide a
comprehensible and complete literature review concerning all the available techniques
applied in ports. The critical stages of the research methodology can be found in Figure

3.3.

90
80
70
60
50
40
30

20 /

10 —

Number of research studies

Assessed Methodology

Web of Science

2011 2013 2015 2017 2019
Date

Figure 3.2. The estimated trend regarding sustainability research into ports during the
last ten years

During the last decade, there was a booming trend in this topic, proving that
sustainability issues are becoming one of the top port authorities' priorities; the trendlines
can justify this (Figure 3.2). The WoS trendline is being utilised to check the
methodology's effectiveness, refining all the available literature, thus keeping only the
high-relevant studies. Even after this, the trend remains almost the same; the actual
number of studies during 2018-2019 has a 10-15% deviation.

Besides, a strengths-weaknesses-opportunities-threats analysis (SWOT) has been

conducted to evaluate the acquired knowledge regarding the reviewed technologies and
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techniques; the analysis highlights the prospects and the credibility of the proposed
concept (see Section 4).

3.1.2. Typologies of ports

Ports were grouped into three specific categories, labelled with particular characteristics,
such as the vessels' type and volume that the port serves, the surrounding region of the
port (city), the port's operations and services, the annual number of passengers who visit
the port and lastly, the annual number of ships that berth and depart from the port (Table
3.1, Figure 3.4).

Table 3.1. Port categories according to the proposed typology [155]

Local ports National ports International ports

Cover an island's needs Cover a country's needs Cover a country's
international needs

Small-sized Medium-sized Large-sized

Do not support cruise
Serve some cruise ships; Serve cruise ships;
ships, and they do not have
supporting small logistics supporting logistics
logistics
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Figure 3.4. Allocation of operations per port category

Local ports: They can serve a small island's needs. Usually, they are occupied by
itinerary ships. They do not serve cruise ships as they have limited space and capacity.
Lastly, they are not characterised by complex logistic processes, as there is limited
space for the load/unload processes that passenger ships can handle, despite their
seasonal operation.

National ports: They can serve a country's transportation-related needs (hinterland)
and are slightly larger than local ports. They occupy all ship types, but only afew cruise
ships are served yearly (once or twice monthly). They have small logistics
infrastructures and satisfy the basicneeds of the served region.

International ports: They can serve the international needs of a country and are the
biggest ones. They offer services to every type of ship due to their adequate space
and proper infrastructures. They frequently serve cruise ships. Besides, they facilitate
largelogistics infrastructures, having the highest greenification potential among all the

categories.
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3.2 Statistical analysis methodology and future projections using
Classic statistical models, Artificial Neural Networks, and

Machine Learning techniques
The motivation of this subchapter is to create a future model of the port's power
consumption for the year 2030, to examine and highlight the need of converting a port
into nZEP, being a prerequisite for a long-term sustainable development plan.
3.2.1 Data acquisition
For the establishment and the formulation of the future energy profile, the actual
energy consumption data of the port of Souda were obtained through the cooperation
of the Souda's port personnel and the smart metering hardware of the electricity
provider [33]. The meteorological data were obtained through the collaboration of the
National Observatory of Athens' personnel; smart meters are installed near the port
of Souda [34]. After this, several projection models were used, compared, and
evaluated to accomplish the study's goal.
3.2.2 Data classification
The area's meteorological data from 2015-2019, obtained from the National
Observatory of Athens and 2030, were used to create the forecast models. In addition,
data on the electricity consumption of the port of Souda for the years 2015-2019 were
provided by Souda's port personnel.
The data are divided into three main categories, which were utilised according to the

capacity of each examined model:

e Hourly,
e Daily,
e Monthly.

The used meteorological data for the forecasting models are the following;:
e Temperature: Measurable in degrees Celsius (°C)

e Humidity: Measured as a percentage (%)
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e Dewpoint: The point of temperature at which water vapours, when cooled,
creates the dew effect, measurable in degrees Celsius (°C).

e Atmospheric Pressure: Measurable in hectopascal (hPa)

e Precipitation: Measurable in mm

e Wind Speed: Measurable in km/h

e Solar Radiation: Measurable in W/m?2

e Time Step (Timestep): Integer serial numbers to capture the ascending trend.

e Hour/Day/Month: Integer numbers
The forecast variable is the energy demand measurable in kWh.
The data are divided into these three categories as the monthly data enable comparing
the machine learning models with the neural networks and the classical time series
statistical models, apart only from the linear regression model. The actual energy

forecasting methodology is presented in Figure 3.5.
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Figure 3.5. Energy forecasting models' methodology
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However, the ANN and ML models perform better when there is a larger database;
daily data are used, increasing computational requirements. Finally, the hourly data
are used for an even more precise forecast.

The linear regression models, the time series splitting, and the ARIMA models are
developed in the MINITAB software, which provides a user-friendly and easy-to-

understand interface. On the other hand, the machine learning models and the ANN
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ones are developed in MATLAB's software (Regression Learner App and Neural Net
Fitting App).
3.2.3 DPearson correlation
The Pearson product-moment correlation coefficient (r, R, or Pearson's r) measures the
strength and direction of the linear relationship between two quantitative variables
(e.g., actual consumption and monthly bill charged). Several assumptions needed to
be satisfied (namely, level of measurement, related pairs, absence of outliers,
normality of the dependent variable, linearity, and homoscedasticity).
3.24 Simple Linear Regression
Linear regression is a widely used statistical approach to model the relationship
between a dependent variable Y and one or more independent variables X, and the
equation that describes it is:
Y=Ax+b (1)

b is the slope of the line and represents the coefficient of coefficient. The model's
reliability is shown by the deviation or residual of the observed Y value from the
predicted Y value of the model after the regression. The squares of the deviations add
up and give the total deviation of the model called the sum of the squares of the
remaining RSS (Residuals Sum of Squares). The lower the RSS value, the more reliable
the model is considered, while the opposite is true as long as the RSS is relatively large.
For more than one variable X that affects the value of Y, the model is called Multiple
Linear Regression, and the equation is:

Y=a+b XX +b, XX, + -+ b, XX, (2)
3.2.5 Timeseries Models
3.25.1 Decomposition method
The time series analysis with this method is based on the breakdown of the
observations into four synthetic elements, the trend, the seasonality, the circularity,
and the randomness. The purpose of splitting time series is to isolate the above four
synthetic elements to determine how they influence how time-series observations are

created. First, seasonality is measured by seasonality indices, which detect
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observations due to this phenomenon, which will help dispel this element and create
more reliable short-term and long-term forecasts. Second, the trend reveals the long-
term fluctuations of the time series values (up or down) due to demographic,
technological, economic, and other factors. Third, circularity is observed in periods
longer than seasonality (e.g., five years or ten years about quarterly or annual
seasonality) and appears mainly in economic issues, such as an economic crisis.
Finally, the randomness is related to random phenomena that may affect the time
series and are not easily calculated [60]. In the context of this dissertation, circularity
and irregularity are not taken into account as the data are reported for four to five
years.

In the decomposition method, there are two types of models, the additive and the
multiplier. In the additive, the actual values are displayed as the sum of the
components and are as follows:

Y, = Trend + Seasonal + Error (3)

In the multiplier method, the actual values are presented as a product of the
components and are of the form:

Y, = Trend x Seasonal x Error (4)

3.2.5.2 Autoregressive integrated moving average (ARIMA)
The ARIMA model, also known as the Box-Jenkins method, consists of three parts, the
autoregression part (AR), where there is a combination of previous values, the moving
average part (MA), where it uses previous prediction errors in an almost-regression
model and the integration part (I), which refers to the inverse differentiation process
for the production of the forecast.
An autoregressive model of order p or AR (p) in its general form is:

V=1 XYa+ @ XYoo+ 4+ 9p XYy + & (5)
where @1, @, .., @o are the parameters to be estimated of the model and &tis known as
white noise. The order p refers to the length of the lag and the term self-regression
because the above relation is a regression model with interpretive variables Yt's values

with a time lag.
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A model of a moving average q class or MA (q) in its general form is:
Yi=u+e+0, X 1+0, X5+ +0;Xe_q(6)
where the order q refers to the length of the lag of the variable &, which we assume to
be white noise. The term moving average refers to the fact that Y: appears as a
weighted sum of the values of ¢t
An ARMA model (p, q) is a combination of p self-oscillating terms and q moving
medium terms, is called a mixed self-reciprocating-moving medium model order (p,
q), and has the form:
@(B)Y, = 0(B) x & (7)
where @®(B) =1—¢; XB—--—¢,XBP , and O(B)=1—6; XxB—0, X B> — - —
64 X B1
A non-seasonal ARIMA model is also called the ARIMA (p, d, q) model, where p is
the number of the self-oscillating terms, d is the number of non-seasonal differences
required for stagnation, and q is the number of delayed forecast errors in the forecast
equation.
Non-seasonal ARIMA is used when the time series is not stationary (e.g.,
chronological series of economic, energy, or physical content). With the first (or
second, generally d class) differences, it becomes stationary. An ARIMA model (p, d,
q) has the form:
®(B)x (1-B)*xY,=0(B) X& (8)
In addition, in time series that show seasonality s, the SARIMA model (p, d, q) (P, D,
Q)s is used, where P, D, Q are the corresponding quantities of p, d, q according to
seasonality s. A SARIMA (p, d, q) (P, D, Q) s model has the form:
@(B) X ®(B%) xw; = 8(B) X O(B®) X & (9)
where ¢(B)=1—¢@; XB— =@, XB? , ®(B)=1—-P; XB*—--—¢@pxB™ ,
6(B)=1—6;XxB—-—0,xB1, O(B)=1—60; xBS—--—0,xB%¥ , and w, =

vivPy,.
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3.2.6 Machine Learning Models

3.2.6.1 Decision trees

Decision trees predict the value of the target variables as accurately as possible
according to the input data [61]. Each tree consists of nodes, and each node is linked
to one of the input variables. Nodes are extended to sheets that represent the value

resulting from the variable. Decision trees always start from the top (root) and end in
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Figure 3.6. An illustration of a multivariate decision tree model (Source: Authors)

a leaf (Figure 3.6) [62].

‘/

3.2.6.2 Support Vector Machines

Support vector machines were first proposed by Vladimir Vapnik in 1992 and belong
to kernel methods. Kernel methods use a function that groups the input data, whose
behavior is then graphically represented. These methods can operate in an infinite
space of unlimited dimensions without calculating the data coordinates in that space,
but by calculating the inner product, space produced through the relationships of the
data between them [63]. MATLAB implements the linear regression SVM (e-SVM),
which is sensitive to e, also known as L1 loss. In e-SVM regression, the set of training

data includes prediction variables and observed response values. The goal is to find a
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function f (x) that deviates from Yn with a value not greater than ¢ for each training
point X, and at the same time be as flat as possible.
A set of training data xi and variable objectives yi the goal is to minimise the vector of
the hyperparameter w:
1

w= MINEIIWIIZ, restricted by : |y; — w; X x;| < € (10)
3.2.6.3 Gaussian Process Regression — GPR
Gaussian Process Regression is non-parametric; that is, a functional form does not
constrain it, so instead of calculating the probability distribution of parameters of a
particular function, it calculates the probability distribution of all proper functions
that match the data. A GPR model explains the response by introducing latent
variables f (xi), i =1,2,... n, Gaussian Process (GP), and explicit base functions, h. The
covariance of the latent variables reflects the smoothness of the response, and the base
functions display the inputs x in a p-dimensional feature space. GP is a set of random
variables, where each finite number of them has a standard Gaussian distribution.
Based on Bayes' theorem [65], a Gaussian reverse distribution in objective functions
are determined, the mean value is used for forecasting.
The Bayesian approach to a linear function y = wx + ¢ works by defining the previous
distribution p (w), in the parameter w and migrating the probabilities based on the
observed data, according to the Bayes rule:

pyIX,w) X p(w)
p(IX)

The updated distribution p (w | y, X), called the reverse distribution, incorporates

p(wly,X) = (11)

information from the previous distribution and the data set.

GPR learns a target function using the kernel trick internally, uses the kernel to
determine the covariance of a previous distribution versus the target functions, and
uses the observed training data to determine a probability function. GPR selects core
hyperparameters based on the slope of the marginal probability function and learns a
genetic, probabilistic model of the target function, providing substantial confidence

intervals and back-samples along with predictions [66].
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A GPR model is represented as follows:

h(x)" X B+ f(x) (12)
where f (x) ~ GP (0, k (x, x')) from a zero mean GP with covariance function k (x, x'), h
(x) is a set of base functions that mutate the original attribute vector x€R? in a new
attribute vector h (x) €RP, 3 is a px1 coefficient base function vector.

An example of a y response can be modelled as:

Pilf (x), x; ~ Ny [h(x)" B + f(x;),02) (13)

where o7 is the error variation.

3.2.6.4 Ensemble Methods

Ensemble Methods are combinations of algorithms that cover each individual's
weaknesses to optimise the results. Each algorithm that uses meta-learning models
splits the data set, at random, into different training/training sets. Then by voting,
giving either the same or different weight to each method, based on the evaluation
indicators, selects the value with the most votes in case of regression. Occasionally
they show an increased computational load.

The bagging algorithm described a classical meta-learning algorithm methodology,
which uses a combination of the same methods. In Bagging Trees, multiple decision
trees are used in which the respective set of training that will be used as input is
randomly selected. The training sets are subsets of the original training set. New
combinations are created in each repetition of learning, removing the unsuitable ones
each time. Also, another methodology is boosting, which uses voting. He assigns
weights to the vote based on the confidence levels of each model and then combines
models from the same algorithm. Finally, it performs an iterative process in which it
uses any knowledge gained from the previous model to improve the next one that will
be developed [68].

3.2.7 Artificial Neural Networks (ANN)

Artificial neural networks consist of simple elements that operate in parallel, and the
connections between the elements largely determine the operation of the network. For

example, an ANN can be trained to perform a specific function by adjusting the values
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of the connections (weights) between the elements so that a specific input leads to the
specific target output. Regarding how the elements are connected, ANNSs are divided
into two main categories:
e Feed forward,
e Feed backwards.
In the front feed ANN, the elements are organised at different levels, and the elements
of one level feed the elements of the next level, which continues until the last level.
In back-end networks, also known as Recurrent ANNSs, single-level components are
allowed to power units of the same or previous level. If the feedback concerns nodes
of the same level, the networks are called auto-associated memories; otherwise, they
are called hetero-associated memories.
Although feed-in ANNSs are quite useful, front-feed ANNSs are most often used. Also,
in multi-level ANN, the most common way of learning is with error back-propagation,
which belongs to supervised learning, and the learning algorithm is called
Backpropagation ANN. During the training of Backpropagation ANN, for each input
given to the network, the outputs are calculated by applying the transition functions
to each hidden or external level unit. In each external level unit, the differences
between hidden levels are taken into account to configure the connection weights
between the units to reduce the output error.
The actual error Ex of an output unit k of an example p is calculated as:
Ey = (akp - Okp) (14)
It is then multiplied by the derivative of the activation function in the unit k(u),
according to the generalised delta rule, to calculate the custom neuron error:
8y = (akp - Okp) X g'(w) (15)
The corresponding error in a hidden level i unit is calculated from the adjusted errors

in the next level k units to which the unit is associated with wik weights:

k
6= g'w) x ) Wi X 8 (16)
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After calculating for each unit i the error &, the alteration in input weights in all
neurons is calculated as follows:

Awj; = —d X 6; X a; (17)
The change in weight from neuron i to the next j depends on the error of neuron i, the
output of neuron j, and the learning rate d. Numerous such cycles are repeated during
the training process; the algorithm stops when the error has reached below the desired
limit. Alternatively, completing a certain number of training cycles can be considered
a termination condition for a certain period.
3.2.8 Comparison indexes
For each model, training is done on the data from 2015 to 2019. Then, in each model,
the accuracy of the electricity price that each model predicts for the same period is
tested, and it is checked whether they deviate from the actual values. Finally, the
models are used to forecast the port's electricity for 2030.
As for indicators for comparing the models for predictability, according to the actual
data, the following are selected:
3.2.8.1 Mean Squared Error - MSE
The average square error (MSE) of an estimator measures the average of the errors,
i.e., the mean square difference between the estimated values of the actual value. It is
a measure of the quality of an appraiser and always takes non-negative values, with
those approaching zero being the best. For a prediction vector n created by a sample
of n data points in all variables and Y is the vector of the observed values of the

predicted variable, with Y "being the predicted values, the MSE is calculated as:

n

1 v\ 2
MSE == x > (= T)? (18)

i=1
3.2.8.2 Root Mean Squared Error - RMSE
RMSE is essentially the root of MSE (Equation 19), and the reason it is used is that it

acquires the same units of measurement as the quantity estimated.

RMSE = VMSE (19)
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3.3 Case studies selection

Four ports of different characteristics are picked for the needs of this thesis according
to their daily operations and services, their energy demand and their geographical

location (Figure 3.7).
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Figure 3.7. Map of all the used ports as testbeds

The selected ports are all located in the Mediterranean Sea and are characterised by
great seasonal fluctuation on their operations due to the high impact of tourism. The
three out of four ports are in the island of Crete, while the fourth is located in Adamas,
Milos Island. Table X demonstrates the technologies that are implemented, simulated,

discussed and evaluated into each port according to their unique characteristics.
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Table 3.2. Implemented technologies per case study

Technology
Case Study/Port
SOLCS HRES Cl & H: SDS
Heraklion X! X
Souda (Chania) X2
Rethymno X
Adamas (Milos) X

ICarbon Footprint is calculated using the annual energy purchases

2Carbon Footprint is calculated using the LCA of each incorporated technology

Two medium sized ports (according to Figure 3.4 and Table 3.1) are picked. The port
of Rethymno (yellow anchor on Figure 3.7) is selected due to its geographical location
and its complex outdoor lighting infrastructures. The SOLCS system is simulated and
evaluated into the Rethymno’s port outdoor lighting infrastructures. Also, the
availability of 5-year actual data for the port’s energy demand and the strong
cooperation with the port’s personnel enabled the establishment of the custom SOLCS.
The port of Chania (green anchor on Figure 3.7) is selected for the HRES
implementation and the CF calculation based on the LCA of each technology due to
the availability of adequate space for the systems’ installation and the high-RES
potential of the Crete Island; the high similarity to the majority of ports worldwide
played a crucial role to the selection, due to the high replicability of the proposed
typology.

A small port (according to Figure 3.4 and Table 3.1), the port of Milos Island (blue
anchor on Figure 3.7), is picked due to its low peak and annual energy demands and
the high seasonality of its operations due to the high tourism impact on the island. The
implementation of the cold-ironing technique is selected to be applied in this testbed
due to the availability of the actual hourly shipping routes and the need to indicate

the urgency of implementing RES to small island ports to cover the needs of the cold-
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ironing technology that will be compulsory for every port worldwide in the near
future.

Lastly, the port of Heraklion (red anchor on Figure 3.7) was picked as the ideal case
for the optimal of the HRES sizing and the implementation of the SDS due to its high
technical and financial status; the port of Heraklion is the biggest port of Crete, being
a significant contributor to the island’s economy. Besides, the availability of a 10-year
timeseries of actual data enables the proper establishment of the custom-made SDS,
properly serving the port’s needs.

Each port is modelled in 3-D view through the Autodesk Revit software to evaluate
the lighting conditions before and after the SOLCS implementation as shown in Figure

3.8.

st

Figure 3.8. 3-D model of each examined case study
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4 Forecasting results

4.1. Results outline

The outcomes of the thorough literature review are firstly presented, highlighting the
most crucial research gaps and opportunities, providing an interesting approach to
the nZEP concept. A summary of the examined techniques and technologies is
presented, evaluating each one of them according to three specific criteria.
Furthermore, an indicative priority plan for interested port parties is discussed, and a
SWOT analysis highlights the overall state of converting a port into nZEP.

Besides, the outcomes of the examined forecasting techniques for the specific case of
projecting the Souda’s port energy profile for the year 2030 are presented and
discussed. The optimal among the established forecasting models is picked to predict
future energy consumption, indicating the need to renovate or replace the old-
fashioned port’s operational techniques and technologies. A statistical analysis
accompanies this part of the thesis to indicate and highlight the port’s energy profile’s
main characteristics, pointing areas of interest that may greatly affect port’s energy
demand and environmental footprint. Finally, the main findings are presented to
justify the utility of the study's next steps, pointing out the most appropriate SEMS

and RES to be used for its conversion to nZEP.

A complete and balanced generic solution for controlling a port’s outdoor lighting
infrastructure is presented; the multiplication potential and the replicability are high
for other port cases because of the high adaptability of this methodology. Daylight
and occupancy are two uncontrollable time-variant parameters that increase the
system's complexity due to their unhinged discrepancy throughout the day.
According to the daylight illuminance's value and each space's occupancy, the

luminaires' dimming levels per space are computed in real-time, and the maximum
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energy savings are achieved. For safety reasons, even for no occupancy events, the

lighting levels are not decreased below 40% of their maximum rated power.

The next subchapter presents the optimal sizing of a port’s HRES according to the
three sustainability pillars; there is no such initiative in the available literature. The
ultimate goal is to propose a comprehensive framework and typology involving the
entire process of optimally, in sustainable terms, sizing a port's Hybrid Renewable
Energy System (HRES). For the study, actual data are used, resulting in realistic and
reliable results. The actual energy demand data and the procurement costs were
acquired and processed into a microgrid optimization software (HOMER Pro). Thirty-
five total scenarios were assessed on which two types of RES and two types of ESS

were examined; two models of VRFB ESS and four models of LA ESS.

After reviewing the most common ESS for such infrastructures, the most
environmentally friendly, however the most expensive, is examined. The optimal
sizing of a hydrogen energy storage-based HRES is presented next, pointing out the
feasibility and the credibility of such a system. Also, to harmonise with the most recent
EU legislation, the cold-ironing technology is modelled through the MATLAB

software, using actual data, to evaluate the utility of HRES for future ports.

Lastly, after reviewing all the available, well-known and practical solutions towards
the renovation and the implementation of green energy generation into ports, two
smart energy dispatch strategies for the port’s microgrid are established, examined
and evaluated. The two micro-grid controllers (dispatch strategies) ensure the whole
port's unhampered operation, which has not been investigated in past studies.
Concluding, the main goal of this research is to fill the existing gaps of optimal design,
sizing and control of an HRES operation into a seaport, completing and rocketing up

the concept of nZEP.
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4.2. Literature Review outcomes

Table 4.1 summarises the literature's acquired knowledge, the economic and
technological maturity of every proposed technology and technique; the latter were
grouped into categories regarding their distinctive application area. A clarification of
the content of the table is necessary to make it comprehensive:

Economic Maturity: As long as the technology is innovative, the procurement and
maintenance costs are high. After the massive production of this specific technology,
it becomes much more attractive in terms of affordability and supply.

Technological Maturity: Depends on both the time passed from each technology's
tirst appearance and its implementation into projects along with the problems arisen.
We used as criteria the frequency we found each technology in different studies within
various sectors.

Experience: It depends on the engineers' know-how in the specific technology and
how many times it has been applied to real-life projects. Besides, if it has been in the
field for more than five years and some unforeseen problems have arisen, it is

registered as a mid-experienced technology.
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Economic
Technological Experience
Application Maturity Ports that can
Technology/Technique Maturity (min: +,  (min: +, max: Prerequisites
Area (min: +, max: be applied
max: +++) +++)
+++)
National ports
Biomass Energy [341,385] ++ ++ ++ Available resources International
ports
o Wind Energy (Inland - Offshore)
< +H+ ++ -+ Strong wind potential All ports
g [259,386,387]
N
‘q;, Photovoltaic Energy [133] +++ ++ +H+ Solar potential All ports
= Strong wind and wave
Tidal farm [138] ++ ++ +H+ All ports
currents
Available resources and  International
Geothermal Energy [63] ++ ++ ++
geothermic capacity ports
Cold-ironing +H+ ++ +++ Technical know-how All ports
Energy Storage Systems + +H +++ Technical know-how All ports
R Innovative technologies +H+ +H+ +H - All ports
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Automation sensors [102,388] ++ ++ ++H+ Technical know-how All ports
High-end batteries with
Electric Vehicles [389] ++ ++ ++ sufficient energy All ports
s capacity
]
=
v
>
g Available resources and
= Hydrogen Energy [390-392] + ++ + All ports
= technical know-how
2.
(72}
=]
s
= Available biofuel
Biofuels ++ + ++ All ports
resources
Cold-ironing +H+ ++ +H Technical know-how All ports
o &5 o HVAC Optimization Systems for High-end computers
g = ] g + + ++ All ports
= o =

Temperature Control [102]

and technical know-how
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Water Heating Systems (Biomass

Available biomass

+++ +++ ++ All ports
boilers) resources
National ports
Remote control systems +++ ++ +H+ High-end computers International
ports
Automated boilers,
Efficient hot water use [393] ++ ++ -+ Knowledge of how-to All ports
efficient use
o S High-end PCTs and International
o 9 Automated PCTs [394] ++ ++ +H+
S ® technical know-how ports
-
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High-end batteries with

Electrification of cargo handling International
++ ++ +H+ sufficient energy
equipment ports
capacity

Cold-ironing ++ ++ +++ Technical know-how All ports
2
'§ Energy-driven seawater pump
o + ++ + Strong wave currents All ports
g [265]
w——
<
=

Innovative environmental-friendly

++ ++ + Meticulous knowledge All ports

-5 techniques/technologies
QE, Highly experienced International
oo LCA Analysis of ship waste [29] ++ ++ +H+
= researcher ports
2
9 National ports
o Alternative use of oil waste for
Zz ++ ++ ++ - International

generating thermal energy

ports
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Furthermore, it is proven that the majority of the solutions regarding freight handling
equipment are mature enough and fruitful, as long as they have been installed and
tested in various ports worldwide. Some solutions seem to be less mature, and the
experience is not high enough to ensure safety after installation. For instance,
automation may provoke accidents that would not otherwise occur, but this should
not be discouraging. The proposed technologies and techniques have many positive
side-effects for the ports, such as less traffic congestion and waiting times, contributing
to the ultimate goal of diminishing their environmental footprint.

Thus, the critical criteria for nZEP are: (a) air quality, (b) energy conservation and RES,
(c) water pollution and water quality, (d) electrification/hybridization of equipment,
(e) noise pollution, (f) waste management, (g) SEMS, and last but not least (h) natural
habitat quality preservation.

An indicative priority action plan for the port advisors is depicted in Table 4.2. The
nZEP approach, as mentioned before, is a dynamic step-by-step process required to
achieve the full potential of the nZEP concept; the decision-makers should plan out
and implement the appropriate actions, starting from the most mature and
economically attractive one.

Furthermore, an Economic Attractiveness—Technological Maturity diagram (EATM)
was created to clarify the utility and the availability of the proposed techniques and
technologies. It was influenced by the known Importance-Performance Analysis (IPA)
concept diagram (Figure 4.1). Table 4.2 and Figure 4.1 further enlighten port
authorities” advisors regarding the availability and the affordability of each available

technology and technique.
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Table 4.2. An indicative plan towards nZEP

Solution/techniques Time priority

Short Medium Long

EE measures

X
on lighting and HVAC systems
= Peak-Shaving / Load Shifting X
Q.)
g Vessels speed reduction X
50
% Virtual Arrival Time X
>
3 On-shore power supply, «
= . .
GEJ cold-ironing
S
o Electrification/Hybridization
= X
5 of cargo handling equipment
Automation of PCTs X
Automated mooring systems X
Implementation of PV systems X
z Onshore WTs X
<
u(% Floating WTs X
E‘S Offshore WTs X
]
S
ﬁ Wave energy X
7§ Tidal energy X
U
é Geothermal energy X
Energy Storage Systems X
% LNG, Methanol, Hydrogen X
©
q% 3 Biomass, Biofuels X
=
v 2
o 3
2o
® ©  Alternative use of oily Waste X
£ =
g
<
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EE measures
SEMS (LED HVAC)
e »
L Solar energy
Automation
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Figure 4.1. EATM diagram of proposed technologies and techniques

As a follow-up, it is clear that the most recommended solutions are the ones on the

top-right side of the diagram, such as information and reporting systems, PVs, smart

sensors, and the peak shaving technique. On the other hand, the less preferred ones

are these on the graph's bottom-left side due to their technological immaturity and

cost-effectiveness. A SWOT analysis of the acquired knowledge’s synthesis was

conducted, further supporting the efficient plan of moving towards sustainability

(Figure 4.2).
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Figure 4.2. SWOT analysis diagram for the nZEP concept (Source: Authors)
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WEAKNESSES

W1: Lack of a common environmental-friendly goal
among the ports’ authorities and general policies
uncertainties

W2: Potential negative social reactions

W3: Landscape distortion

W4: Effects on biodiversity

WS5: High risk of newly-proposed technologies due
to the lack of experience

T1: Energy transmission costs (i.e. Large offshore or
floating wind parks are far away from the ports’)

T2: Often high initial investment

T3: Lack of experience of the current ports’ personnel
on some of the new technologies

T4: Restricted flexibility of single RES on covering the
base load needs

T5: RES are site specific — Dependence on land
availability

T6: Competition with other port activities

THREATS ’ 0 E
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So, what ports should do to move towards the nZEP concept and decarbonise
themselves is to build on their strengths, boost their weak areas, head off the possible
threats, and efficiently exploit every upcoming opportunity. For example, the high
initial capital for such investments can be funded by public or private investors. The
ports” personnel can also be informed, educated, and trained in these fresh-new
technologies and techniques. In this way, the weaknesses would be eliminated, and
the concept could be more viable and realistic than ever. Conditions are favourable
for port authorities, as the EU is promoting and funding such incentives. Not only the
port's social acceptance would be enhanced, and the ports’ infrastructures will be
renovated, but also ports can be the paradigm for port cities” inhabitants towards a
more sustainable future. However, technologies with low expertise should be
avoided, for the time being, to eliminate the possibility of harming the operations'
stability and reliability. Figure 7 can be a comprehensive guide for every port

authority to organise and design its sustainable business plan.
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4.3. Statistical analysis and future projections

In this subchapter, the results of the forecasting models are presented. The models
were created based on hourly, daily, and monthly data from 2015 to 2019, including
meteorological data from the National Observatory of Athens (NOA) and NASA's
POWER database. The MSE and RMSE indices were calculated for comparison
purposes among the created models. The optimal among them are picked and used to
calculate the 2030 port's energy demand profile. Finally, the annual projections of all
the models areshown .

4.3.1. Hourly Data

The results of the linear regression models (LR), artificial neuronal networks (ANN),
and machine learning algorithms (ML), based on the hourly meteorological and
energy data, are presented and discussed in this section.

4.3.1.1. Hourly Linear Regression Model (H-LR) and Pearson Correlation factors
After constructing the linear regression model, the following equation 79 is created.

The equation's variables are presented in Table 4.3.

Y = 175.2 + 0.000759 X X; + 0.175 X X, + 0.9159 X X5 + 0.2378 x X, — 1.1737 X X5
+0.1313 X X; — 6.20 X X, — 0.1348 X Xg — 0.079385 X Xy  (79)

Table 4.3. Linear regression model variables

Terms Data Terms Data
Y Electricity (kWh)
X1 Timestep Xe Pressure (hPa)
X2 Time X7 Precipitation (mm)
X3 Temperature () Xs Wind speed (km/h)
Xa Humidity (%) Xo Solar Radiation (W/m?)
Xs Dew Point (°C)

The linear regression model's outcomes are statistically significant as the P-value is
lower than 0.05. Also, all the equation variables have P-values lower than 0,05, which

indicates that these variables are statistically significantly related to the response
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variable. In addition, the conditions for the linear regression modelling are met; the
Durbin-Watson coefficient (0,38) is lower than 4.0.

Table 4.4 shows the correlation factors among the predictor variables and the response
variable. Solar radiation (X9) and energy demand are negatively connected, as
expected, because the primary energy consumption of the port is due to the outdoor
lighting infrastructures. To further investigate the above observation, a variable is
generated on whether it is a day or night (TimeOfDay) based on the hour - from 7:00
AM to 6:00 PV, it is considered as day-hour from 7:00 PM up to 6:00 AM is considered
as night-hour. The One-way ANOVA analysis was used to explore the relevance of
whether it is day-hour or night-hour in the energy demand; the F-value is relatively
high (71.494), meaning that there is a significant difference between day and night
energy demand. Since there is a significant difference in these mean levels, two multi-
comparison tests (Tukey's and Fisher's LSD) were executed for the energy demand;
proving that the energy demand among the day and night hours are significantly
different (p-values=0.000).

Table 4.4. Pairwise Pearson Correlation Factors for the hourly data

Variable Correlation to Y 95 % CI for p p-value
Xi 0.272 (0.264; 0.281) 0.000
Xz -0.571 (-0.577; -0.565) 0.000
X -0.312 (-0.321; -0.304) 0.000
Xa 0.316 (0.308; 0.325) 0.000
Xs -0.172 (-0.181; -0.163) 0.000
Xs 0.014 (0.004; 0.023) 0.004
X7 0.035 (0.025; 0.044) 0.000
Xs -0.224 (-0.233; -0.215) 0.000
Xo -0.45 (-0.457; -0.442) 0.000

Temperature and humidity variables (Xs, X4) have a statistically significant correlation

to the energy demand due to the high seasonality. The weak negative correlation of
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wind speed (Xs) with the port's energy demand is explained by the fact that ships do
not travel in high or extreme wind events. On the other hand, there is a weak, almost
non-existent, correlation between atmospheric pressure and precipitation (Xs, X7) as
they do not particularly affect the operation of the external lighting of the port.

The hourly linear regression model (H-LR) has a MSE = 680,08 kWh? and RMSE =
26,08 kWh. Also, the model's errors range from -50 kWh up to 50 kWh, which
indicates that the model is not perfectly adapted to the data. Figure 4.3 presents the
average hourly energy profile according to the H-LR model for 2015-2019, where it
seems to be following the seasonality and the hourly fluctuation but not the actual

energy values.
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Figure 4.3. The average hourly energy demand of the H-LR model for the years 2015-
2019
4.3.1.2. Hourly Artificial Neural Networks Model (H-ANN)
The optimal model was established based on the actual data, through the test and
error method, as there is no exact technique for creating artificial neural networks,
calculating the number of hidden layers, or the number of neurons on the hidden layer
and due to the restrictions of the Neural Net Fitting App of MATLAB software. The
data were randomly separated (dividerand) as follows:

e 70% for training

e 15% for validation

e 15% for testing
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Levenberg-Marquardt (trainlm) was selected as the training method incorporating:
e ahidden layer with a tan-sigmoid (tansig) transfer equation with 27 neurons,
e an output layer with a pure-linear transmission equation (purelin), and one
neuron.
The model is well adapted to the actual data and predicts the energy demand with an
MSE=74,83 kWh? and RMSE=8,65 kWh?. Figure 4.4 presents the average hourly energy
profile according to the H-ANN model for 2015-2019, where it seems to be following

the reality; it seems to fit perfectly to the actual data.
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Figure 4.4. Average hourly H-ANN model's energy demand for the years 2015-2019

4.3.1.3. Hourly Machine Learning Model (H-ML)

The 5-fold test's outcomes were satisfactory enough, so the 10-fold was not examined.
The used techniques' outcomes are summarised in Table 4.5 based on the root of each
technique's average square error.

Table 4.5. Machine learning models” RMSEs for the hourly data.

ML Technique-
RMSE ML Technique-Model @ RMSE
Model
Exponential GPR 2.21 Bagged Trees 5.20
Optimizable 3.00 Coarse Tree 6.82
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Ensemble
Optimizable Tree 3.23 Fine Gaussian SVM 6.91
Fine Tree 3.23 Mattern 5/2 GPR 9.38
Medium Tree 4.89 Rational Quadratic GPR  9.40

Exponential GPR is the optimal model to predict the hourly energy demand,

according to the RMSE index for the hourly data.
The H-ML model has an MSE = 4,86 kWh? and an RMSE = 2,21 kWh. The H-ML

model is well adapted to the data. Figure 4.5 shows the average energy demand profile

of the model for the years 2015-2019, being relatively close to the actual values.

I

244 120

100
18 4

—_
~
Il

Hour of day

(=23
(=}
(M3]) puewap 19MO]

'S
=]

20

0 90 180 270 365
Day of year

Figure 4.5. Average hourly H-ML model's energy demand for the years 2015-2019

4.3.1.4. Comparison of the hourly models

The hourly models' major characteristics are compared in

Table 4.6.

Table 4.6. Comparison of the hourly models

Model MSE RMSE R?

H-LR  680.06 kWh? 26.08 kWh 0.45

H-ANN 74.83 kWh? 8.65kWh (.94

H-ML  4.86 kWh? 221 kWh 0.99
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The H-ML has better MSE and R? than the other two. The H-LR does not follow the
actual average hourly demand profile. On the contrary, the H-ANN and the H-ML
models are accurate in their predictions;, the optimal hourly model is the H-ML.
4.3.2. Daily data

The results of the linear regression models (LR), artificial neuronal networks (ANN),
and machine learning algorithms (ML), based on the daily meteorological and energy
data, are presented and discussed in this section. The month is added as a variable to
the data.

4.3.2.1. Daily Linear Regression (D-LR)

The equation derived from the daily linear regression model is the following. The

variables of the model are presented in Table 4.7.

Y = 755 +0.019226 X X; — 0.128 X X, + 9.6 X X5 — 2.0 X X, + 0.43 X X5 — 11.5 X X,
+0.63 X X, + 419 X X5 + 0.30 X Xy — 0.6335 X X;, (80)

Table 4.7. Daily Linear Regression terms

Variable Data Variable Data
Y Electricity (kWh)
Xi Timestep Xe Dew Point (°C)
X2 Day X7 Pressure (hPa)
X3 Month Xs Precipitation (mm)
Xa Temperature () Xo Wind speed (km/h)
Xs Humidity (%) Xio Solar Radiation (W/m?)

The linear regression model is of statistical significance as the p-value is lower than
0.05. In addition, the terms time step (X1), precipitation (Xs), and solar radiation (X1o)
have p-values < 0.05, indicating that these variables have a statistically significant
correlation with the response variable. Concerning other variables with a P-value >
0.05, they could be removed without significantly affecting the model as they appear
to be interrelated with other or other existing variables. Furthermore, the linear
regression modelling conditions are met; the Durbin-Watson coefficient (0.26) is lower

than 4.0.
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The daily linear regression model (D-LR) has an MSE = 34,987.57 kWh?, and an
RMSE = 187.05 kWh. Figure 4.6 illustrates the model's energy profile compared to the

actual one; the model outcomes do not adequately fit the actual values.
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Figure 4.6. Daily energy demand profile of the D-LR model compared to the actual

4.3.2.2. Daily Artificial Neural Networks Model (D-ANN)
In the D-ANN model, the data were randomly separated (dividerand) as follows:
e 70% for training
e 15% for validation, and
e 15% for testing
Levenberg-Marquardt (trainlm) was selected as the training method incorporating:
e a hidden layer with a tan-sigmoid (tansig) transfer equation with 11 neurons,
and
e an output layer with a pure-linear transmission equation (purelin), and one

neuron



Page 127 of 318

D-ANN model has a MSE = 9,456.02 kWh?, and a RMSE = 97.24 kWh. The model

appears to be well adapted to the data, as Figure 4.7 indicates.
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Figure 4.7. The daily energy demand of the D-ANN model compared to the actual

4.3.2.3. Daily Machine Learning Model (D-ML)

The 5-fold tests' outcomes were satisfactory in the daily data analysis, so 10-fold tests

were avoided. The examined models' results are summarised in Table 4.8 based on

the root of each technique's average square error.

Table 4.8. Machine learning models' RMSE:s for the daily data

ML Technique-Model RMSE ML Technique-Model RMSE
Optimizable GPR 29.79 Bagged Trees 104.11
Optimizable Ensemble 85.06 Coarse Tree 109.81
Optimizable Tree 96.96 Boosted Trees 116.83
Medium Tree 97.712 Rational Quadratic GPR 124.45
Fine Tree 102.04 Exponential GPR 124.65
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Exponential GPR is the optimal forecast model to calculate the daily energy demand,
according to the RMSE index. The D-ML model has a R*=0.95 a MSE =
887.49 kWh?And a RMSE = 29.79 kWh. According to Figure 4.8, the D-ML model is

sufficiently well adapted to the actual data.
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Figure 4.8. The daily energy demand of the D-ML model compared to the actual

4.3.2.4. Comparison of the daily models
The daily models' major characteristics are compared in Table 4.9.

Table 4.9. Comparison of the daily models

Model MSE RMSE R?

D-LR  34,987.57 kWh? 187.05 kWh 0.67

D-ANN 9,456.02 kWh?  97.24 kWh 0.90

D-ML 887.49 kW h? 29.79 kWh 0.95

The D-ML has better MSE and R? than the other two. The D-LR does not accurately
predict the actual average hourly demand profile. On the contrary, the H-ANN and
the H-ML models are accurate in their predictions. Thus, the optimal hourly model is

the H-ML.



Page 129 of 318

4.3.3. Monthly data

For the monthly data, more models were created due to the lower complexity and
lower computational load. Specifically, an LR, an ANN, an ML, a time series
breakdown (Decomposition) (TMD), and the Box-Jenkins ARIMA model are listed in
order.

4.3.3.1. Monthly Linear Regression Model (M-LR)

The equation derived from the monthly linear regression model is the following. The

variables of the model are presented in Table 4.10.
Y = 307,413 + 0.5494 X X; — 102 X X, + 1,673 X X5 — 663 X X, + 1,432 X X5
— 198 X X, + 132,600 X X, — 806 X Xg —382X X, (81)

Table 4.10. Monthly Linear Regression terms

Terms Data Terms Data
Y Electricity (kWh)
X1 Timestep Xe Pressure (hPa)
Xz Time X7 Precipitation (mm)

Xs  Temperature () Xs Wind speed (km/h)

X4 Humidity (%) Xo Solar Radiation (W/m?)

Xs Dew Point (°C)

The linear regression model is of statistical significance as the p-value is less than 0.05.
Only the variables of the time step (Xi) and precipitation (Xr) are statistically
significant (p-values<0.05). The Durbin-Watson coefficient (1.06) is lower than 4.0,
enabling the utilization of this technique.

The M-LR model has an MSE =22,474,064.04 kWh?and an RMSE =
4,740.68 kWh. According to Figure 4.9, the model's values follow the increasing trend
but do not fit the model appropriately, meaning that the model does not qualify as

trustworthy.



Page 130 of 318

80,000

70,000

60,000 \/\
PaY

=

250,000 \///

E40,000 \/\ AV,

£ I

230,000 N

o0

g

(=1

F120,000

10,000 Actual
0 M-LR
n ;O 1O 1B O v vV O N N DN DN O O o O—FO—Oov—Oov—O
T T T Y oY oY OST oOYT oY oY OSToOYToOToTowoqwowo o7
ST X T T LX LT OLOTOIOLOTOLOXOL DR
228532853285 328%5 %5238
35'5555'5555"5558'5558'85

Date

Figure 4.9. The daily energy demand of the D-ML model compared to the actual
4.3.3.2. Monthly Artificial Neural Networks Model (D-ANN)
In the M-ANN model, the data were randomly separated (dividerand) as follows:
e 50% for training
e 25% for validation, and
e 25% for testing
Levenberg-Marquardt (trainlm) was selected as the training method incorporating:
e ahidden layer with a tan-sigmoid (tansig) transfer equation with nine neurons,
and
e an output layer with a pure-linear transmission equation (purelin), and one
neuron
M-ANN model has an MSE = 66.104.306,70 kWh?and an RMSE = 8.130,46 kWh.
Although the model, initially, appears to be well adapted to the data, as Figure 4.10
indicates, since 09/01/2018, the model calculates two significant outliers but, generally

speaking, the model follows the increasing trend of the energy consumption.
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Figure 4.10. The monthly energy demand of the M-ANN model compared to the

actual

4.3.3.3. Monthly Machine Learning Model - (M-ML)

Because it was reasonably low, the monthly data eventually needed to be divided into
10-fold sections for training, validation, and testing. The results of the used ML
techniques are summarised in Table 4.11.

Table 4.11. Machine learning models” RMSEs for the monthly data

ML Technique-Model RMSE ML Technique-Model RMSE
Optimizable GPR 3.439,1 Fine Tree 5.218,1
Optimizable Ensemble Trees 42783 Exponential GPR 6.220,7
Optimizable Tree 42783 Medium Tree 5.657,3
Linear SVM 4.957,1 Medium Gaussian SVM 5.778,3
Boosted Trees 4977,1 Linear Regression 5.786,3

Optimizable GPR is the optimal model to predict the monthly energy demand,

according to the RMSE index.
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Although some of the examined ML models had low RMSE, they did not provide
valid forecasts for 2030 (low or even negative values). The optimal model was the
Linear SVM technique’s one, providing satisfactory monthly forecasts for 2030. The
M-ML model has a R? =0.66, an MSE = 24,572,705.05 kWh?, and an RMSE =
4,957.09 kWh. Figure 4.11 shows that the model does not accurately fit the actual data,

although it follows the increasing energy consumption trend.
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Figure 4.11. Monthly energy demand of the M-ML model compared to the actual

4.3.3.4. Time Series Decomposition Model - (M-TMD)

The additive (additive) model is used for the time-series decomposition model
because of the data's trend and seasonality which are added behind each other,
implied by the fact that seasonality does not drastically alter.

The equation is the following, and the breakdown data are shown in Figure 4.12.

Yt =33,673+415.6 xt (22)
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Figure 4.12. Breakdown of the monthly energy demand time series data.
The TMD model has an MSE = 19,460,260.52 kWh? and an RMSE = 4,411.38 kWh.
Figure 4.13 proves that the model's values follow the trend of the actual ones but do

not adequately fit them.
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Figure 4.13. The monthly energy demand of the TMD model compared to the actual
4.3.3.5. Box-Jenkins Method - Self-Regression ARIMA (SARIMA)
The monthly data are handled in R-studio via the auto.arima() function uses a

stepwise approach to look for multiple combinations of p,d,q parameters and selects



Page 134 of 318

the best model with the least AIC (Akaike Information Criteria). The AIC quantifies
the degree of adaptation and simplicity/economy of the model in a sing]le statistic. The
resulting model is ARIMA (1,0,0) (1,1,0) with d=1 (drift); in short, the model is
renamed SARIMA.

Figure 4.14 reflects the forecasted energy profile of the SARIMA model for the years

2015-2019 relative to the actual; the model follows the growth trend and the

seasonality of energy consumption.
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Figure 4.14. Monthly energy demand of the SARIMA model compared to the actual

4.3.3.6. Comparison of the monthly models
The monthly models' major characteristics are compared in Table 4.12.
Table 4.12. Comparison of the monthly models

Model MSE RMSE

M-LR  22,474,064.04 kWh? 4,740.68 kWh

M-ANN 66,104,306.70 kW h?* 8,130.46 kWh

M-ML  24,572,705.05 kWh? 4,957.09 kWh

DM 19,460,260.52 kWh? 4,411.38 kWh

SARIMA  8,899,430.38 kWh? 2,983.19 kWh
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The SARIMA model has the best MSE = 8,899,130.38 kWh?, while the TMD model
follows (MSE = 19,460,260.52 kWh?). Then comes the M-LR with MSE =
22.747,064.04 kWh?, the M-ML with MSE = 24,572,705.05 kWh?, and finally the M-
ANN with MSE = 66,104,306.70 kWh?.

4.3.4. Forecasts of the Souda port's energy profile in 2030

This sub-section initially presents the energy profile of the port for the year 2030, using
the best model (H-ML). The results of the second-best forecasting model (H-ANN) are
presented afterwards. Finally, all the examined models' annual energy demand values
are presented to evaluate the performance of all the used methods.

4.3.4.1. Energy profile forecast for 2030 based on the H-ML model

The hourly H-ML machine learning model of the Exponential Gaussian Process
predicted that the hourly electricity consumption for the year 2030 is expected to be
between 61.86 kWh and 160.44 kWh, with an average hourly energy demand of 117.31
kWh. Figure 4.15 demonstrates the expected hourly Souda port's hourly energy profile
for 2030.
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Figure 4.15. Hourly energy demand forecast for 2030 according to the H-ML model

Finally, the annual energy demand for 2030 according to the H-ML model will be
1,027,649.94 kWh. The increasing trend in energy demand due to the economic-social

growth is being followed, thereby creating significant higher energy demand in the

coming years.
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4.3.4.2. Energy profile forecast for 2030 based on the H-ANN model
According to the H-ANN model, Figure 4.16 reflects the expected hourly energy
demand profile of the port of Souda for the year 2030. The energy demand is higher
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Figure 4.16. Hourly energy demand forecast for 2030 according to the H-ANN model
The annual electricity consumption for 2030 according to the H-AN model will be
1,314,292.45 kWh. Compared to the H-ML model, the H-ANN model’s forecasts have

significantly higher values, by approximately 300,000 kWh/year.
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4.3.4.3. Annual models' forecasts for 2030
Figure 4.17 shows the annual projections of all the used models for 2030.
1,800,000
1,600,000
1,400,000
21,200,000
=1,000,000 u
800,000

600,000

Energy Demand

400,000

200,000

0

2 N2 & o NS & < N2 & Q
R I P v P
0y ¢ < M?)del »

Figure 4.17. Annual energy demand forecast of all the examined models for 2030

According to Table 4.13, the models' forecasts are all relatively close; the forecast of
the M-LR model has the highest annual energy demand (1,561,356.12 kWh), while the
lowest projection (1,027,649.94 kWh) represents the H-ML model.

Table 4.13. Annual energy demand for all the examined models

Model Electricity (kWh) Model Electricity (kWh)
H-LR 1,326,974.50 M-LR 1,561,356.12

H-ANN 1,314,292.45 M-ANN 1,459,066.88
H-ML 1,027,649.94 M-ML 1,431,339.81
D-LR 1,349,941.54 DM 1,334,146.27

D-ANN 1,433,603.20 SARIMA 1,268,388.70

D-ML 1,359,814.69
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5 Case studies from
technologies for the

transition of ports 1mnto

nZEP

Ports have a fishing village's or town's characteristics; there are roads, pavements,
green areas, administrative buildings, and docks. Towards the nZEP vision, a step-by-
step procedure is to be followed to transit from a conventional port to a contemporary
infrastructure. The first step towards a sustainable port is to reduce its energy demand
by diminishing the current energy wastes through the implementation of SEMS.

After statistically analysing and examining the big actual energy data of the four-port
case studies, the outdoor lighting infrastructures are proved to be the most energy-
demanding operation for all the cases” operations. Specific subspaces need to be more
illuminated than others due to the current legislative limits. Docks or passenger areas
require high illuminance levels to properly handle their services, being more energy-
demanding than others for safety reasons. Due to the different legislative limits and
variations of various subspaces' illuminance levels, they can be considered building
zones. The research team established a totally new methodology for controlling the

outdoor lighting of port areas, suggesting a SOLCS tool for a medium-sized port, the
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port of Rethymno; such smart tools feature high versatility as they can be replicated
in other lighting applications.

After examining and evaluating the fruitful implementation of a SEMS and reducing
the energy demand, the implementation of RES and ESS is the next step. Several HRES
for a medium-sized port (Souda port, Chania) are conceptualised, simulated,
discussed, compared, and evaluated to pick the optimal among them. The suggested
HRES comprises PVs, WTs, and different types of ESS. The most viable and reliable
HRES solutions are selected and placed into a candidate pool. Finally, the optimal one
is picked for each of the three sustainability criteria set by the research team. The port
of Chania was picked as the ideal case study to be presented in this section due to the
high reliability and replicability of the study’s outcomes, as discussed below.

The next step after implementing an HRES is implementing a future EU regulation
that every port will be forced to adapt. The cold-ironing technology is integrated and
examined to eliminate berthing ships' emissions harmonised with the most recent EU
legislation. The port of Milos was selected as the most favourable, among the available
cases, testbed due to its small size and its high seasonal operational fluctuation due to
tourism. Concurrently, the outlook of integrating a hydrogen energy storage system
is evaluated in terms of autonomy and minimisation of the port's GHG emissions; the
outcomes can be easily compared to the other examined ESS of the previous step.
The last step is an applied assessment framework to provide insights into the design
and the optimal sizing of an energy dispatch strategy to smart control a seaport HRES,
ensuring operational stability and safety. The proposed framework provides a
sustainable, reliable, cost-effective, and highly replicable solution. The port of
Heraklion was selected as the testbed to be presented due to its high energy demand
and the sustainable vision of the port’s authorities. The port’s personnel provided
crucial insights on several port operations to properly design and formulate the
control algorithms.

After following the steps mentioned above, the nZEP concept is a feasible, reliable and

sustainable vision for the future of ports.
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5.1. Renovating the port's outdoor lighting by implementing a SOLCS
5.1.1 Case study’s detailed description

The case study is the Port of Rethymno, a small-sized Mediterranean port, which is of
great importance due to its strategic position (Figure 5.1), operating weekly routes
with the port of Piraeus. It mainly serves domestic ships, transporting thousands of
tourists yearly, impacting the island's economy. Rethymno port was picked as the
ideal case because of the extreme energy consumption of the known outdoor lighting
infrastructures. This port can be a paradigm for other numerous small ports
worldwide was an essential feature for the decision process; there is high replicability

of the suggested method after modifying the input data because there are thousands

of similar seaports worldwide with similar outdoor lighting issues.

Figure 5.1. The geographical location of the Rethymno port
The actual energy demand data's acquisition and utilisation are among the crucial
innovations of this research study compared to most past studies, let alone the

collaboration with the port's personnel to install the smart metering systems.
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Specifically, the research team acquired and used actual data regarding every aspect
of the research study, such as the total port's hourly energy demand, the energy cost,
and the proposed technologies' regional pricing.

Seaports' energy demand is dynamic due to their complex operations; the various
subsystems and the uncertain factors (weather conditions, tourism) strongly affect the
energy consumption, establishing a stochastic nature that can be barely predicted. The
stochastic aspect is handled and eliminated by utilising the 5-year average of 15-min
port's energy demand data. The actual 5-year average port's demand profile was
analysed, modelled, and integrated into the HOMER tool. An extra 30% of energy was
integrated into each timestep data to increase the results' reliability, including the
commercial port's energy demand; there are only monthly data available regarding
this port's part.

The port's actual energy demand data were acquired by installing smart metering
systems in the port infrastructures in collaboration with the port's personnel, enabling
the acquisition of a 5-year hourly energy-demand time-series; the energy demand data
include all the port operations that use electricity (lighting, vessels, buildings, etc.).
The average fixed energy cost is modelled and integrated into the software by
studying the monthly electricity bills for the past five years. The communication with
the Harbour Management Organisation of Prefecture of Chania contributed to the
formulation of the final 35 examined scenarios.

The average hourly energy consumption is usually between 50 to 200kWh (Figure 5.2).
Unexpectedly, the daily profile showed that the energy demand is higher during the
winter and the high tourism periods (July-August). The port's average annual demand
is 705,753kWh, which equals 1933.57 kWh/d, while the peak energy demand equals
182.49kW. The port is energy-supplied explicitly by the island's electricity grid; there

are no in-situ RES to contribute to the port's energy demands.
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The renewable resources' availability significantly impacts the HRES efficiency.

Figure 5.3 shows the low frequency of extreme wind speed events (histogram) and the

mean daily wind speed's fluctuation; the average wind speed is 5.98m/s. PV

production is proportionate to the solar radiation and the sky clearness index; their

monthly values are presented in Figure 5.4. The average daily solar radiation is

5.28kWh/m?2day, indicating the high solar availability in the port's surrounding area.
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5.1.2 Smart Outdoor Lighting Control System Methodology
5.1.2.1 Proposed SOLCS main stages
The applied methodology is structured following three main stages):

(a) the total renovation of the existing obsolete lighting equipment;

(b) the daylight-harvesting technique -modified for outdoor spaces-, which is the

2nd stage, and

(c) the smart occupancy lighting control strategy for each space.
A SOLCS is developed and explained in stages (b) and (c). Its most attractive asset and
main originality is its replicability, while it can be applied in any case, either indoor
or outdoor, just by making various required modifications. A prerequisite for
providing reliable and efficient outcomes is the input of the appropriate data for the
lighting infrastructures and the outdoor/indoor spaces' illuminance regulation
standards.
Greece is a naval-related country that incorporates a high potential for sustainable
ports. According to an existing research topology, one hundred twenty-eight ports are
located in Greece, out of which four are International, ten are National, and the rest
114 are local ones, according to an existing research topology [196,361]. The medium-
sized Mediterranean port of Rethymno (Crete, Greece) is selected as the most
favourable testbed for this study due to its high energy saving potential; the actual
data were obtained in collaboration with the port authorities and personnel visiting
and reviewing the current lighting infrastructures. The majority of the outdoor
luminaires are equipped with low energy-efficient compact fluorescent lamps. Today,
the lighting outcome is insufficient, in terms of uniformity, according to the latest EU
regulation due to economic reasons. The port is divided into 21 subspaces that serve
different operations (Table A.l.); primarily, the EU illumination and uniformity
standards are different per subspace. It is mainly operating to (a) serve the needs of a
transportation vessel twice a week during summertime, (b) serve the needs of fishing
boats and smaller vessels, (c) facilitate two big parking areas with more than 100

parking lots available, and (d) facilitate the maritime authorities' buildings.
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The research team divided the port area into subspaces to ensure optimal lighting

control per subspace. For instance, the inner part is used only two days per week,

which means that the access is strictly restricted for the rest of five days; there is no

need to provide that much illuminance as the legislative values indicate.

Port lighting
infrastructure
renovation

4 y

iL .................

Daylight harvesting
technique

3 L
-
(7]

Smart occupancy
lighting control

<
>~ 15t Stage

=

5
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.
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Figure 5.5. General flowchart of the proposed methodology

5.1.2.2 Total port's lighting infrastructure renovation — 1st stage

First, the existing lighting infrastructures are simulated and evaluated using DIALux;

the existing luminaires and their location proved not optimal. Thus, the lighting

infrastructures were redesigned, incorporating a new, contemporary lighting system

following the most recent EU legislation, concurrently guaranteeing end-users safety

and comfort (Figure 5.6). Figure 5.7 presents the flowchart of this stage.

DIALux, commonly used in lighting applications, ensured that the lighting model's

outcomes would be as accurate and reliable as possible for the baseline and the

optimised scenarios. The baseline scenario's simulations were validated by measuring

the actual illuminance in the port areas and comparing it with the simulated model's

outcomes; the illuminance deviations were less than 5%.
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The selection of the new poles and luminaires is based on specific inclusion and
exclusion criteria; the poles should be resistant to extreme conditions, the increased
salinity on the air particles, and high wind gusts. Also, the luminaires should be
capable of being dimmed. The luminaires incorporate the Digital Addressable
Lighting Interface (DALI), an industry-standard universal protocol, specified in the
International Electrotechnical Commission (IEC) 62386, industrialised for digital, bi-
directional communication among all the components of a lighting control system.
The comparison of the results of the two scenarios is presented in Figure 5.6.

A baseline case is created according to the current lighting routines. The baseline
scenario constitutes a reliable benchmark with which the optimised scenario is
compared. However, the operational actions are kept constant, were not monitored,
and cannot be predicted.

Significant emphasis is placed on investing in upgrading the current lighting
equipment. Moreover, due to the type of activities carried out in this area, the EU has
established legislative limits on lighting characteristics to be adequate and not to give
visual annoyance to the readers and workers Error! Hyperlink reference not valid..

Table 5.1. Legislative outdoor lighting restrictions/limits for port areas

Type of region, task, or activity En, U, GR, R,

General lighting of shipyards' premises, prefabricated 20 025 55 40

goods storage areas.

Short-term management of large units 20 025 55 20
Ship's hull cleaning 50 025 50 20
Painting and welding of the hull 100 04 45 60
Installation of electrical and mechanical components 200 05 45 60

» Uy: Minimum luminance uniformity of each colour.
» E,: Minimum allowed brightness value

» GR,: Maximum glow limit from the CIE Glare Rating system

> Rg: Marker that shows the temperature of the lamp's color

A smart control algorithm is created at the second step to substitute the conventional

port lighting schedules, which are currently widely applied worldwide. The lighting
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control's typical schedule is based on a simple time-based power on/off strategy; the
administration preschedules the luminaires' operation. Daylight is not considered a
fact that may lead to energy savings; the luminaires are powered on, neglecting
daylight during operation hours and operating at full load.

This research attempts to take advantage of the usable daylight amount by dimming
the luminaires' output power to provide the required different illuminance. Precisely,
the sun's illuminance during the day-hours is calculated by multiplying the solar
irradiance with the appropriate empirical factor. The current sun irradiance data are
acquired employing an existing sensor in Rethymno and are indicative for the whole
town. Furthermore, the data are validated by comparing them with NASA's
Prediction of Worldwide Energy Resources (POWER) and the ones from the National
Observatory of Athens [362].

At the third stage, an occupancy-based control system is proposed to enhance the
SOLCS's efficiency further. At the moment, each subspace's occupancy is disregarded,
leading to noteworthy energy wastes for spaces that are not used during night hours.
This research proposes a lighting control algorithm incorporating the subspaces'
occupational data. The information about each subspace's occupancy is acquired by
asking the port administration and staff relevant questions. An empirical per quarter-
hour time-series of the occupancy (%) was then created using MATLAB; unexpected
events were also considered by implementing a random number generation
algorithm.

Although some studies have involved the daylight harvesting technique, there is no
research combining it with the occupancy control system to provide a complete smart
solution. Both algorithms of stages 2 and 3 aim to optimise the lighting output of the
luminaires, ensuring that all subspaces are appropriately illuminated, both regarding
the illuminance (lux) and the uniformity (U.). When the U, levels are satisfied, it is
assumed that the user's satisfaction and safety are enhanced. Most of the available

studies for outdoor spaces consider the subspaces' illuminance levels neglecting the
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daylight illuminance, indicating the innovation and the importance of this research

study.

Figure 5.6. Comparison of the port's subspaces' illuminance (top view) for the baseline

(a) and the proposed case (b)
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Figure 5.7. The 1+ stage of the adopted methodology; the marina's lighting equipment total renovation



Page 150 of 318

5.1.2.3 Control algorithm 1 — Daylight Harvesting — 2nd stage

The daylight harvesting technique takes advantage of ambient sunlight as a natural
lighting source. The present research work takes advantage of (a) the per quarter-hour
random data and (b) the actual hourly data for the town of Rethymno due to the lack of
installed sensors in-situ. The port area's illuminance data is created using a developed
algorithm involving actual hourly data for Rethymno and random distribution. The
sunrise and sunset time of the day are set according to their empirical daily values for
Rethymno. The illuminance measured values are modified by a smart sub-procedure
created by the research team, developing an hourly illuminance time series.

An assumption has been made for the actual illuminance data; the actual illuminance at
the sensor's location is supposed to be the same as the hypothetical one at all the port
subspaces. Since the obtained illuminance data are hourly, a new algorithm was created
to convert this data to a per quarter-hour basis. To calculate the per quarter-hour
fluctuation of the illuminance during the day, a smart procedure was developed
considering the daylight's illuminance. According to this procedure, the first and last
hour per day are identified when sunrise and sunset occur. The differences between the
per quarter-hour illuminance values in these hours' intervals are higher than those during
the midday hours. This procedure handles all these differences, extracting from the
hourly data a time series of 15-min interval data involving randomness and ensuring that
the newly-created time series is realistic and accurate.

Mathematical models quantify the impact of daylight's illuminance on the actual
illuminance demand for outdoor subspaces. Thus, the actual value of incident lux is
calculated according to the geometry and the light's desired uniformity, exploiting the
DIALux's outcomes, ensuring reliable and solid results. At the next step, the actual sun
illuminance is being subtracted from the total lux demand per subspace (Figure 5.8); the

difference is the lux demand from the artificial light sources, supplementary to the
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available lux value from the sunlight, indicating the real lighting needs per subspace
during each timestep.

Subsequently, the SOLCS searches for the minimum actual dimming wattage per
subspace's available luminaires that could provide the required illuminance. Each
luminaire's contribution is calculated from the DIALux outcomes to eliminate any
possible fluctuation of subspace's lighting uniformity. Lastly, the subspace's per quarter-
hour energy demand is estimated according to each timestep calculated lux demand.
Consequently, the first decision variable of the system is the ambient sunlight's

illuminance.

No daylight harvesting Daylight harvesting

Street level

Figure 5.8. Daylight harvesting technique for the hour before the sunrise and the sunset

The actual energy demand per timestep is calculated by using equation 20.

i=5 Jj=35040 k=21
Esips = Z Z Z Wimin (20)
i=1  j=1 k=1
E, s =the total energy needed for the smart lux dimming system

W__ = the least available dimming wattage of each lamp capable of providing the required lumens

rmin —
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5.1.2.4 Control algorithm 2 — Occupational Dimming — 3rd stage

The occupational dimming algorithm considers every subspace's occupancy for the non-
operation hours to properly dim the luminaires' power level. Specifically, an algorithm
that calculates the occupancy (%) per subspace is created based on the acquired
information from the port's personnel. Expressly, the staff indicated specific lower and
upper practical limits of each subspace's occupancy for the different periods of the day.
Indicatively, during the operating hours (06:00-18:00), the per quarter-hour occupancy
(in the span 0-10) is considered as 10 (100%); during the night hours right after the
operation hours (till 00.00), the per quarter-hour occupancy is between 3 and 10, while
after 00.00 the per quarter-hour occupancy is between 0 to 6.

The occupancy factors are calculated using a properly developed algorithm, picking
random values between the lower and upper limits. The random number generator
ensures that the outcomes are not biased. Three specific high energy-consuming
subspaces serve passengers; thus, they are not operating during night hours as the access
is restricted. The research team decided not to power off the subspaces' lighting but set
lower boundaries for safety reasons.

This control algorithm's concept is that even if no person is at the port subspaces, the
luminaires will never be dimmed below 40% of their rated power, ensuring adequate
illuminance during all night-hours (Figure 5.9). The energy savings when the lights are
turned off compared to the suggested dimming are not that much. Thus, the research
team adopted this condition. The total energy demand from the implementation of this

technique is calculated by equation 21.

i=5 j=35040 k=21
E,. = z [(0.6 X E X OcF) + (0.4 x E)] (21)
i=1  j=1 k=1

Eoc = the per quarter-hour energy demand from the implementation of the occupational

dimming algorithm
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E = the per quarter-hour energy demand
OcF = the occupation factors
This technique can be used alongside the daylight mentioned above harvesting

technique, converting equation 21 to equation 22.

EOC = [(0.6 X ESLDS X OCF) + (0.4 X ESLDS)] (22)

E,c =the per quarter —hour energy demand from the implementation of the occupational dimming algorithm
E, s =the total energy needed for the smart lux dimming system

OcF =the occupation factors
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=50% accupancy »30% occupancy

A “ 7} j‘ kg ;%‘%@ ﬁ ﬂ.‘

Street level

Occupational Dimming Occupational Dimming

<50% occupancy »30% occupancy

o
e

=
\{b.

4.
[ “ (4 * £S5 .
A . W ¥
&
% X %,

Street level Occupation Level=10% Occupation Level=65%

Figure 5.9. Occupational Dimming technique for the night hours.

This technique can also be interpreted for indoor cases, incorporating high scalability and

applicability.
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5.1.2.5 Control algorithm 3 — Combination of 2nd and 3rd stage

The optimal results can be achieved by combining the control algorithms as mentioned
earlier and their subscripts to create a complete SOLCS, providing the most effective
solution after several steps.

The first step is to provide the required input data through four different ".csv" type data
files. These files include the data needed for (a) the hourly daylight, (b) the per quarter-
hour operation and occupation factors, (c) the unique characteristics of each subspace,
and (d) the specifications of the suggested DALI luminaires. The hourly daylight data is
converted to per quarter-hour, applying a smart algorithm, explicitly described above,
created by the research team. Next, the smart system checks the operation factors and
sets the per quarter-hour energy demand to the baseline case. The next step is to
investigate the ambient daylight illuminance and each subspace's actual lux demand. The
actual illuminance per subspace is calculated using DIALux, considering its geometry
and unique characteristics. In most cases, the required illuminance is higher than the
legislative limits due to the complex geometry and the subspaces' shadings. Then, the
optimal wattage of each luminaire (local minimum) is set by the smart algorithm; if there
is more than one type of luminaire in the same subspace, the actual proportion of their
lumens output is taken into account to avoid possible losses and interruptions on light
uniformity.

The last step of this methodology is the human presence's calculation in each subspace
and the appropriate luminaires dimming level, based on the predefined values; the
lowest possible value is 40% of the rated power, ensuring that even in cases that nobody
is at the port subspaces, they will be adequately illuminated for unexpected events. To
summarise, this SOLCS is universal and highly replicable; it can be used either for indoor
and outdoor cases by adjusting the specified parameters. Its overall operation is

presented in Figure 5.10.
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Figure 5.10. Flowchart of the smart outdoor lighting control system



Page 156 of 318

5.1.3 Results of the Smart Outdoor Lighting Control System

The current lighting infrastructures consume more energy (96,190 kWh/yr) than the
optimal because of their old-fashioned technology and poor location; thus, the need for
replacement and renovation is urgent. As for the 1t stage, the new lighting system is
much more effective than the baseline (current) one. Indicatively, the simulation results
prove that energy demand is reduced by 21.3%. For this case, the total yearly energy
demand is reduced from 96.2 to 76.7 MWh, which corresponds to 15.1 tCOzq' savings.
Similar past initiatives have shown that even higher energy savings can be achieved; the
possible energy savings are related to the existing luminaires” technology and output
power. Figure 5.11 depicts the daily energy and COzeq savings due to the 1+t stage of the
methodology.

At the 2n stage, a smart dimming controller, considering the daylight's illuminance,
integrated into the system, controls the luminaires' total power output. According to the
most recent EU legislation per subspace, the required luminaires' output is calculated by
subtracting the daylight's illuminance from the total required illuminance.

It has been deducted that applying the daylight harvesting technique to indoor subspaces
can be beneficial and fruitful; the energy demand can be significantly reduced, leading to
substantial COzeq savings. However, can it be beneficial for outdoor subspaces? This
question is answered in this research work; this initiative's outcomes encourage outdoor
subspaces' lighting.

A 31.1% energy consumption decrease is achieved, corresponding to a further 13.7%
decrease from the 1¢ stage; The energy consumption is reduced to 50.3 kWh from
76.7 KkWh. Figure 5.11 and Figure 5.12 depict the hourly energy decrease attributed to

daylight harvesting in four different subspaces during the shortest (21t of December) and

! For the COz ¢q calculations, the energy mix of the island of Crete was taken into account. The island’s electricity grid
is being supplied 21.47% from RES and the rest 78.53% from fossil fuels combustion. The COx, ¢q coefficient is equal to
0.989 kgCOz, eg/kWh.
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the longest (21% of June) day of the year. The dark blue colour line gives the baseline case,
the green line is for the 1 stage, and the yellow line is for the 2 stage. Regarding the 2n¢
stage procedure, the energy consumption is lower during the first (sunrise) and the last
(sunset) day-hours. This is different among the various subspaces because of the
legislative standards; streets and subspaces with low illuminance requirements present
the most significant percentage decrease.

5.1.3.1 Simulations results

The proper operation is ensured as there is strong fluctuation among the results per day
and subspace. There are subspaces for which the 1t stage is much more effective and
efficient than the two smart control systems. For instance, in subspace 21, concerning the
main street outside the port, the total installed luminaires power is reduced by 1.45kW,
resulting in substantial energy savings (more than 70% of the initial energy
consumption). This corresponds to 20kWh/day savings; almost 2.2tnCOz.q can be saved
annually. Meanwhile, for the subspaces with higher installed power, the percentage
decrease achieved by the 1 stage is lower; the overall reduction is not proportional to
this percentage decrease, as it is referred to as higher amounts of power. For instance,
regarding subspace 14, where the passenger boarding occurs, the lighting requirements
are the highest; an 8.0% decrease is achieved, but this corresponds to 12kWh/day that

accounts for 0.74tnCO2.eq.
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Figure 5.11. Daily energy and GHG savings for the 1+ stage of the methodology.

Figure 5.12 illustrates the overall lighting's energy demand on June 21st regarding all
stages for (a) the three previously-picked subspaces and (b) the whole port area. This day
is the longest of the year; the artificial lighting demands are the lowest. Based on the
corresponding figures, the total hourly energy consumption is lower during June than
December; the overall energy savings are higher during the winter months because of the
higher lighting energy demands.

Similarly, as in December, the total energy savings are considerable for all the
methodology stages. The occupancy factors are different for these two specific days,
attributed to the visitors' high seasonality on the port's subspaces. Subspaces 12 and 14
present lower energy savings after the 1t stage procedure (replacement and reallocation
of the luminaires), attributed to the high legislative illuminance requirements. On the
other hand, due to the high currently installed power for lighting, stages 2 and 3 are
beneficial, leading to very high energy savings. This methodology takes care of all the

possible variations, leading to optimal energy savings.
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Figure 5.12. Hourly energy demand per stage of the methodology for all four-port subspaces, incorporating different

services and operations — Shortest day of the year, 21" December.
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Figure 5.13. Hourly energy demand among the methodology's stages for four port
subspaces incorporating different services and operations, for the longest day of the year,
21% June.

Figure 5.14, Figure 5.15, and Figure 5.16 depict the energy savings and the daily
illuminance among the methodology's different stages. The energy consumption for the
lighting operations of the marina subspaces 12 and 21 are presented, respectively. The
energy savings regarding the 1%t stage (modification) are satisfactory for the port area and
Parking 1 (subspace 12). Additionally, the energy savings on subspace 21 (Venizelou
Street) are outstanding for the 1% stage, empowering the proposed system's reliability. On
the other side, the more beneficial the 1¢ stage of the methodology is, the less beneficial

the other two stages are than the baseline scenario. This can be easily explained as the
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total energy savings are higher when the installed lighting power is very high due to the
higher energy savings potential. Besides, even if the total energy savings are higher at
some stage, the total energy decrease is similar because of the measures' effectiveness.
The overall energy savings are remarkable for every subspace when all three stages are
implemented. Each stage's drawbacks are counterbalanced by another stage's benefits,
resulting in a well-established end-product. Considering subspace 12 (Figure 5.15), where
one of the two parking areas is located, the 34 stage is the most influential; the occupancy
factors appeared to be the most effective control strategy. The highest energy
consumption reduction for the 1st stage is observed on subspace 21 (Venizelou street).
The achievable energy savings are more than 70% (Figure 11). The installed energy
decreases to 0.60 kWp; the energy savings potential is reduced dramatically for the

following two stages.
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Figure 5.14. Total daily energy demand, daily daylight illuminance, and total daily energy savings for the three stages of

the methodology.
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5.1.3.2 Discussion of the study’s outcomes

Concluding, each stage's high energy savings compensate the low ones of another stage,
leading to an overall effective smart solution. Consequently, since the stages are
interconnected, the results are optimal, involving all the concepts: (a) renovating the
lighting infrastructures, (b) taking advantage of the daylight's illuminance to dim the
luminaires' output power accordingly, and (c) utilizing the actual occupancy of each
subspace and alter the luminaires' lux output to fit the legislative limits.

Figure 5.17 shows the actual energy consumption's shift from one stage to another.
Considering the stages by order, the 1t stage's results (replacing the obsolete luminaires)
are substantial. Indicatively, there is a 20.6% decrease in energy consumption compared
to the current state. This decrease reaches 31.4% when the 2" stage is applied, while the
total energy savings climb to 56.8% compared to the baseline case. Figure 5.17 also
indicates the actual monthly savings due to the implementation of each stage.

If the 3¢ stage is compared to the baseline, skipping the 2" stage, the energy savings are
about 48%. This implies that the occupancy control smart algorithm's importance to such
situations, due to its high applicability, replicability, and effectiveness alongside its
significant low implementation, operation, and maintenance cost.

Also, to further evaluate each stage's effectiveness and efficiency, the total annual energy
demands between the consecutive stages are compared. A 20.6% energy decrease from
the baseline when applying the 1% stage, a 13.6% decrease between the 1%t and the 2nd
stage, and a 24.1% decrease from the 27 to the 3¢ stage. The findings, as mentioned above,
do enhance the conclusion that the occupancy control system (3 stage) has the highest
potential in such cases.

Lastly, Figure 5.18 depicts the monthly fluctuation of the total energy demand for the
whole port. The daylight's illuminance is limited during the winter months.
Consequently, the luminaires themselves must provide much more illumination,

consuming more energy from the electrical grid.
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This SOLCS achieves the highest energy savings during the late-night hours, as expected
(Table 5.2). After midnight, there is a restriction to access some port's subspaces; there is
energy waste during these hours. By employing the system, this problem is solved, and
almost equal amounts of energy are consumed during the early-night hours (before 00:00)
and the late-night hours (after 00:00). Indicatively, the energy savings can reach up to
68%, leading to significant GHGs savings.

Although the overall energy savings are significant, the period featuring the highest
savings is between May and July due to the more efficient daylight's illuminance. During
these months, the sun's illuminance is adequate to illuminate the port's subspaces
without needing to turn on the luminaires. The highest amounts of energy are saved
during August and November for the post-midnight time zone, while the lowest energy
savings characterise these months for the period before midnight. Indicatively, the total
energy savings for November are -3.83MWh; the -1.58MWh is for the period before
midnight, while the rest -2.25MWHh is about the period after midnight. The overall cost of
the system is estimated to about 200,000€ due to the high investment cost for replacing

the luminaires and their poles.
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Figure 5.15. Daily energy demand, daily daylight illuminance, and daily energy savings for the three stages of the

methodology regarding subspace 12 (Parking area 1)
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Figure 5.16. Daily energy demand, daily daylight illuminance, and daily energy savings for the three stages of the

methodology regarding subspace 21 (Venizelou street)
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subspace for all three stages of the smart outdoor lighting control system
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Table 5.2. Energy and GHGs savings for (a) The overall system, (b) the period before 00:00, and (c) the period after 00:00

All Before 00:00 After 00:00
Energ % of Energ % of CO: Energ % of
Baselin SOLC CO:2  Baseli Baselin SOLC CO:
y saved SOLCS! y saved  save y saved
el St saved? ne! e! St saved?
saved!  energy saved! energy dz saved!  energy
Jan 9.49 431 -5.17 -54.5% -4.02 4.43 2.09 -2.34 -529%  -1.82 5.06 2.23 -2.83 -56% -2.20
Feb 8.57 3.77 -4.79 -55.9% -3.72 4.00 1.80 -2.20 -55.1%  -1.71 4.57 1.98 -2.59 -57% -2.01
Mar 8.22 3.49 -4.73 -57.5% -3.67 3.79 1.72 -2.08 -547%  -1.61 4.43 1.77 -2.65 -60% -2.06
Apr 7.96 3.16 -4.80 -60.3% -3.73 3.67 1.65 -2.02 -55.0%  -1.57 4.28 1.50 -2.78 -65% -2.16
May 8.22 2.82 -5.40 -65.7% -4.19 3.79 1.42 -2.38 -62.7%  -1.85 4.43 1.41 -3.02 -68% -2.35
< Jun 6.73 2.68 -4.05 -60.2% -3.15 3.06 1.33 -1.73 -56.7%  -1.35 3.67 1.36 -2.32 -63% -1.80
é Jul 6.96 277 -4.19 -60.2% -3.25 3.16 1.37 -1.80 -56.8%  -1.40 3.79 1.40 -2.39 -63% -1.86
Aug 6.96 3.02 -3.94 -56.6% -3.06 3.16 1.54 -1.62 -51.3%  -1.26 3.79 1.48 -2.32 -61% -1.80
Sep 7.96 3.33 -4.63 -58.2% -3.59 3.67 1.70 -1.98 -53.8%  -1.53 4.28 1.63 -2.65 -62% -2.06
Oct 8.22 3.79 -4.44 -54.0% -3.45 3.79 2.06 -1.74 -458%  -1.35 4.43 1.73 -2.7 -61% -2.10
Nov 7.96 4.12 -3.83 -48.2% -2.98 3.67 2.09 -1.58 -43.1%  -1.23 4.28 2.03 -2.25 -53% -1.75
Dec 9.49 4.46 -5.03 -53.0% -3.91 4.43 2.24 -2.19 -494%  -1.70 5.06 222 -2.84 -56% -2.21
Total 96.74 41.72  -55.00 -57.03% -42.72  44.62 21.01 -23.66 -53.11% -18.4 52.07 20.74  -31.34  -386.01% -24.36

'The total energy is measured in MWh

2The GHGs are measured in tnCOzeq
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5.1.3.3 Typical examples of the 3-D lighting model before and after the
implementation of the SOLCS

In this subchapter, six typical examples of the port’s outdoor lighting state before and

after the implementation of the SOLCS, are presented in the following figures (Figure

5.19, Figure 5.20, Figure 5.21, Figure 5.22, Figure 5.23, Figure 5.24)

Figure 5.19. 3D depiction of total port’s outdoor lighting renovation
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Figure 5.20. 3D depiction of inner port’s area before and after the outdoor lighting

renovation
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Figure 5.21. 3D depiction of the port's EV charger area before and after the outdoor

lighting renovation
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Figure 5.22. 3D depiction of the front view of the port’s area before and after the outdoor

lighting renovation
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Figure 5.23. 3D depiction of the upper view of the inner port’s area before and after the

outdoor lighting renovation
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Figure 5.24. 3D depiction of the upper right view of the port’s area before and after the

outdoor lighting renovation
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5.2 Optimally sizing a port HRES to cover the energy demand and
eliminate GHGs fully

5.2.1 Case study’s detailed description

The case study is the Port of Souda, Chania, a medium-sized Mediterranean port (35.49'
N latitude and 24.08' E longitude), which is vital due to its strategic position (Figure 5.25)
operating daily routes with the port of Piraeus. It mainly serves domestic and foreign
ships, transporting thousands of tourists yearly, impacting the island's economy. Souda
port was picked as the ideal case because of its high-RES implementation potential. This
port can be a paradigm for numerous other ports across the globe was a pivotal aspect
for the decision process; there is high applicability of the suggested framework after

modifying the input data because there are thousands of similar seaports worldwide.

Figure 5.25. The geographical location of the Souda port
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The actual energy demand data's acquisition and utilisation are among the crucial
innovations of this research study compared to most past studies, let alone the
collaboration with the port's personnel to install the smart metering systems. Specifically,
the research team acquired and used actual data regarding every aspect of the research
study, such as the total port's hourly energy demand, the energy cost, and the proposed
technologies' regional pricing.

Seaports' energy demand is dynamic due to their complex operations; the various
subsystems and the uncertain factors (weather conditions, tourism) strongly affect the
energy consumption, establishing a stochastic nature that can be barely predicted. The
stochastic aspect is handled and eliminated by utilising the 5-year average of 15-min
port's energy demand data. The actual 5-year average port's demand profile was
analysed, modelled, and integrated into the HOMER tool. An extra 30% of energy was
integrated into each timestep data to increase the results' reliability, including the
commercial port's energy demand; there are only monthly data available regarding this
port's part.

The port's actual energy demand data were acquired by installing smart metering
systems in the port infrastructures in collaboration with the port's personnel, enabling
the acquisition of a 5-year hourly energy-demand time-series; the energy demand data
include all the port operations that use electricity (lighting, vessels, buildings, etc.). The
average fixed energy cost is modelled and integrated into the software by studying the
monthly port's electricity bills for the past five years. The communication with the
Harbour Management Organization of Prefecture of Chania contributed to the
formulation of the final 35 examined scenarios.

There are no sudden hourly high energy demand peaks; the average hourly energy
consumption is usually between 50 to 150kWh (Figure 5.26). Unexpectedly, the daily
profile showed that the energy demand is higher during the winter and the high tourism

periods (July-August). The port's average annual demand is 874,613kWh, which equals
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2,396.236 kWh/d, while the peak energy demand value (194.36kW) is detected during a
night hour in August. The heatmap also proved those mentioned above. The port is
energy-supplied by the island's electricity grid; there are no in-situ RES to contribute to

the port's energy demands.
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Figure 5.26. Souda's port hourly and monthly energy consumption

The renewable resources' availability significantly impacts the HRES efficiency. The
available renewable resources potential is retrieved by the National Aeronautics and
Space Administration's (NASA) POWER database and are compared to ground-level
measurements conducted by the research team for validation purposes; the deviations
were lower than 10%. Figure 5.27 shows the low frequency of extreme wind speed events
(histogram) and the mean daily wind speed's fluctuation; the average wind speed is
6.26m/s. PV production is proportionate to the solar radiation and the sky clearness
index; their monthly values are presented in Figure 5.28. The average daily solar radiation

is 5.28kWh/m?day, indicating the high solar availability in the port's surrounding area.
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5.2.2 Optimal HRES sizing according to the three sustainability pillars methods

5.2.2.1 Optimal HRES sizing main concept and flowchart

The methodology was split into four major phases to satisty the three sustainability

pillars: environmental quality, social acceptance, and economic prosperity (Figure

5.29).

The first step refers to the case study selection, which is described later in this chapter.
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Figure 5.29. Flowchart of the research methodology
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5.2.2.2 Data acquisition and analysis: Energy profile formulation

The actual energy demand data's acquisition and utilisation are among the crucial
innovations of this research study compared to most past studies, let alone the
collaboration with the port's personnel to install the smart metering systems.
Specifically, the research team acquired and used actual data regarding every aspect
of the research study, such as the total port's hourly energy demand, the energy cost,
and the proposed technologies' regional pricing.

Seaports' energy demand is dynamic due to their complex operations; the various
subsystems and the uncertain factors (weather conditions, tourism) strongly affect the
energy consumption, establishing a stochastic nature that can be barely predicted. The
stochastic aspect is handled and eliminated by utilising the 5-year average of 15-min
port's energy demand data. The actual 5-year average port's demand profile was
analysed, modeled, and integrated into the HOMER tool. An extra 30% of energy was
integrated into each timestep data to increase the results' reliability, including the
commercial port's energy demand; there are only monthly data available regarding
this port's part.

The port's actual energy demand data were acquired by installing smart metering
systems in the port infrastructures in collaboration with the port's personnel, enabling
the acquisition of a 5-year hourly energy-demand time-series; the energy demand data
include all the port operations that use electricity (lighting, vessels, buildings, etc.).
The average fixed energy cost is modeled and integrated into the software by studying
the monthly electricity bills for the past five years. The communication with the
Harbour Management Organisation of Prefecture of Chania contributed to the

formulation of the final 35 examined scenarios.
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5.2.2.3 Optimal HRES sizing modeling and simulation

The third step represents the scenarios conceptualisation and data processing in
collaboration with the port's personnel. The examined scenarios were based on three
fundamental parameters: RES type, ESSs type (Lead-Acid batteries (LAs) and
Vanadium Redox Flow Batteries (VRFBs)), and the functionality of the grid's Net
Metering (NM) functionality (Table 1). Thirty-five scenarios were simulated,
compared, and evaluated, aiming to feature the optimal solution. Various constraints
were considered, such as the annual capacity shortage, the grid's NMS legislation
limits for the study area, and the technical constraints of the proposed technologies
(i.e., ESS charging/discharging constraints). The optimal solution is obtained after
simulating the scenarios, according to the inputs and the constraints, aiming to
minimise the proper index for the three sustainability criteria. Indicatively, more than
800 cases per scenario were simulated and placed in the candidate pool.

The power output of the WT is calculated by Equation 23. Pris the rated power of the

WT, V:is the rated wind speed (m/s), Vainis the cut-in speed, and Veutout is the cut-out

speed.
0 V < Veyt—inand V= Veye—our
P-x(V—=Vey—in)
p. = cut—in V.. . <V<V 23
wT i (V;, _ cht—in) cut—in r ( )
P, Ve <V <Veut-out

V is the actual wind speed that varies with the WT's hub (Equation 24). Vi is the
wind speed at the base height Hvase. The exponent a represents climate conditions
(season, time of the day, temperature, roughness); a often equals 0.143 under steady
wind speed conditions. The WT's output power is multiplied with the density ratio,
as shown in Equation 25. The symbol o represents the actual air density, and the air

density at Standard Test Conditions (STC) is symbolised as o (1.225 kg/m?).

a

H
V = Vhase X (H ) (24)
base

p
Py = <_> X Py srp (25)
Po
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The PV power output is calculated by Equation 26 [363]. Yrvis the PV array's rated
capacity (kW), frv is the derating factor of the PV in percentage, Gris the current
timestep's solar radiation in kW/m?, Grsicis the incident radiation at STC, aois the
power's temperature coefficient (%/°C), Tc is each timestep's cell temperature of the
PV (°C), and Tcsicis the PV's cell temperature under STC (25 °C). The derating factor
is being used due to the PV arrays' possible power losses due to soiling, wiring, and
aging.

Gr

Ppy = Yoy X fpy X <G ) [1+a, x (T, = Tesre) (26)

T,STC

Three different types of ESS are examined. They are used to store the surplus RES
energy and serve the PS technique. The ESS energy can be estimated using Equation

27; Qessois the initial ESS charge, Vess is the battery's voltage, and Iessis the ESS current.

t

Qgss = Ugsso + f Viss X Igssdt (27)
0

The ESS's state-of-charge is given by Equation 28; Qess, maxis the maximum allowable
ESS's charge power, estimated using the kinetic battery model (Equations 29, 30, 31,
and 32); nesscis the ESS's efficiency [364]. k is the storage rate constant (h!), Q1 is the
ESS's available energy in the initial time step (kWh), At is the timestep's duration (h),
Q is the initially available energy (kWh), c is the ESS's capacity ratio, ac is the ESS's
maximum charge rate (A/Ah), Qessmax is the total ESS's capacity (kWh), Ness is the
number of ESS, Imax is the ESS's maximum charge current (A), and Vrom is the ESS's
nominal voltage.

QESS

Bsoc = ——x100 (28)
ESS,max
QESS,max — min (PESS,max,kbm X PESS,max,mcr X PESS,max,mcc) (29)
NEss,c
k x Qq x e ®*4t + 0 X kc(1 — e Fx4t)
Pgssmaxkbm = 1— eF8t 1 c(k x At — 1 + e—Fxat) (30)
— 1- e_aCXAt (QESS,max - QEss)
P ESSmax,mcr — At (3 1)

Nggs X I XV
PESS,max,mcc = 178?;6 s (32)
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Lastly, the bi-directional inverter's power output is given by Equation 33. Pout is the
output power on the AC grid; Pin is the input power to the inverter on the DC grid,
Ninv is the inverter's efficiency. In this study, the inverter's efficiency is taken as 0.95.
Pout = Pin X Niny (33)

The total system's cost is defined by the sum of the PV costs (Cpv), the WT costs (Cwr),
the electricity grid's cost (Cgrd), the battery's cost (Crattery), and the converter's cost
(Ceonv) (equation 34):

Csystem = Cpy + Cyr + Cyria + Chattery + Ceonv (34)
The capital, replacement, O&M, grid's energy, and fuel costs are included. No
emission penalties were considered. Revenues include salvage value, and grid sales
revenue are calculated using equation 35:

Cann total
Cnpe = oo — (35
NPC ™ CRF (i, npro) (35)

Besides, the total NPC is used to calculate the Levelised Cost of Energy (LCOE) by
dividing it by the total electric load served (Eserved) (equation 36) [363].

NPC
LCOE =

served

(36)

Where Cann, the tota1 is the total annual cost (€/year), CRF is the capital recovery factor
(equation 37), iis the discount rate (%) (equation 38), N is the number of years. Where
the discount rate is i=8.0%, and the inflation rate is £=2.0%.
. AN
e @37
=7
1+f

CRF(i,N) =

(38)
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Figure 5.30. Description of the examined scenarios
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Figure 5.30 depicts the incorporated technologies of each scenario. The concept is to
split the study's outcomes into two parts regarding each electricity grid's case and
three sub-parts regarding the port's energy autonomy. Two types of RES and two
types of ESS were examined; two models of VRFB ESS and four models of LA ESS.
The last scenario of each case suggests a PV/WT/ESS HRES according to the past
scenarios' findings. The technical specifications of the examined technologies are
presented in Table 5.4 and Table 5.5.

To evaluate the HRES, the energy Payback Period (PP), the Internal Rate of Return

(IRR), and the Return on Investment (ROI) are used (equations 39, 40, 41):

Ci. :
pp = 2% (39)
Car

T
C
NPV=O=E——C 40
£ (1+IRR)! o (40)

Npro
Z Caf,ref - Caf
I1=0

Npro (Ccap - Ccap,ref)

ROI = (41)

Where Cinit is the initial investment, Casis the annual cash inflow, Ca, refis the nominal
annual cash flow for the baseline, nprw is the project lifetime in years, Cap is the capital
cost of the initial-current system, and Ceap, retis the baseline's capital cost.

The GHGs are proportionate to the island's energy mix alongside the appropriate
indexes per pollutant (equation 42). The island's energy mix is calculated using the
most recent data acquired from the energy supplier (HEDNO). The appropriate Life
Cycle Analysis (LCA) GHG indexes are used for the proposed technologies (Table 5.3).
Finally, the vast majority (66.58%) of the island's energy generators consume crude

oil, 11.95% consume diesel, while the installed RES generates the rest 21.47%.

tn kWh
Emissions (7) = 106 (42)

co
Egria (@) X Pollutant Index (g 2eq)

Each technology's environmental impact is quantified using the CO:, ¢ index
calculated by the most recent Global Warming Potential (GWP) factors provided by

the Intergovernmental Panel on Climate Change (IPCC), a hundred-year time frame.
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PVs have a significantly low life-cycle environmental footprint, offering significant
environmental advantages relative to conventional fossil fuel or even nuclear
technologies; the major pollutants are Carbon dioxide (COz), Dinitrogen monoxide
(N20), Methane (CHs4), and chlorofluorocarbons (CFC) [365]. The GWP of these
pollutants is 1, 298, 25, and 4750-14,400, respectively [366]; each suggested
technology's Carbon Footprint (CF) is given by equation 43:

Y ecrcX GWP, X EM,,
3 (
P

Index S represents the technology (i.e., PV, WT, ESS); CFpv stands for the PV's CF;

CFS =

43)

index y signifies each pollutant; GWPy is the GWP factor of the pollutant y; EMy
corresponds to the emissions (direct and indirect) of the technology's life cycle. Lastly,
Er refers to the annual energy produced by the technology. The CF is measured in
gCOz, eq/kWh.

The calculation of the electricity grid's CF is based on equation 44 [367,368]:

CO0yeq
kWh

The primary energy factor (Fre) equals 2.9 and is used to convert the final to primary

CFps = Fpg X Fy X Fpp = 0.989 x 0.785 = 0.776kg (44)

energy (factory-side); the diesel factor (Fp) equals 0.989 kgCO: «/kWh; the RES
penetration is 21.5%, and thus the fossil fuels' factor (Fer) is 78.5%. Based on past LCA
studies, the CFev ranges from 30 to 100 gCOsz, ./kWh. Recent studies have indicated
that the mean CFrv, for Europe is 37.3 gCOz2.q/kWh [369]. As for the ESS, the LAB’s CF
equals 24,250 gCOz.eq/kWheap, while the VRFB’s CF is 38.2 gCOz./kWh [370]. Last but
not least, WT's CF ranges from 15 to almost 50 gCOz2,eo/kWh [371]. The CF values for
this research are presented in Table 5.3. Lastly, the net energy was calculated using

Equation 45:
Net Energy = Egriq — Epy — Ewr (45)
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Table 5.3. CF factors for the proposed technologies

Technology
Electricity VRFB
PV Converter WT LAB ESS
Grid ESS
CF factor
2,25 37.3 26,300! 40 24,250 382
[gCOZ, eq/kWh]

'per kWh of system's installed capacity

Table 5.4. Technical specifications of the proposed ESS

Nominal Maximum Installation
Voltage Lifespan
Technology Model capacity  capacity costs
V) [y (cycles)]
[kWh] [Ah] [€/pc]
Sunlight OPzV 4245 8.88 4440 2 1561.65 20 (2000)
Sunlight OPzV 1875 3.95 1980 2 648.20 20(2000)
Lead Acid
Sunlight OPzS 4620 9.54 4770 2 1313.45 20(2000)
Sunlight OPzS 1905 3.97 1990 2 549.84 20(2000)
Gildemeister
250kW-4h
1240 276 700 272,800! 25(3000)
CELLCUBE®
FB 250-1000
VRFB
Gildemeister
30kW-100kWh
100 1770 48 22,000t 25 (3000)
CELLCUBE®
FB 30-100

'The costs of VFRBs were calculated based on [372-374]



Table 5.5. Technical specifications per employed RES
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Area/kWp Lifespan
Efficiency (%)
Proposed (m?) Installation costs [v]
System Proposed location
model Max power Hub height [€/ kWp]
output (kW) (m)
0-1 kWp 1400
roofs SunPower
1-10 kWp 900
newly-created X21-335-
PV 10-50 kWp 800
carports BLK
(incl. 21% 1.63 50-100 kWp 750 20
existing unused port
inverter) 100-500
lands through the 700
kWp
grid's Virtual NMS (SMA59.86)
>500 kWp 600
Existing unused port
Eunice 1 4200
lands through the 54 @ 14-17 pe
WT Thetis 22.03 20
grid’s Virtual NMS m/s
50kW 5 pcs 3600

off-shore installations
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The assumptions for this study are as follows [375]:

The Greek market data for the technologies were obtained from experienced Greek
suppliers, except for the VFRBs;

The average energy cost equals 0.16€/kWh, including the taxes, the power rates, and
the fixed rates of the power-supplier;

The NMS's cost is not taken into account due to its scarce impact on the total NPC;
The AC-DC converter's cost was included in the total PVs procurement cost;

The solar power output was set to 25%, while the wind power output was set to 50%;
The examined LA ESS are designed to operate for 3000 complete life cycles on a 50%
Depth of discharge (DoD) and 2000 complete life cycles on 80% DoD.

Therefore, it is assumed that less than 120 complete life cycles occur yearly. This

assumption is being strengthened because a maximum DoD of 80% is commonly used

for grid-connected energy systems and a maximum DoD of 50% for off-grid systems.

5.2.2.4 Knowledge acquisition: Results and discussion

After simulating all the specified scenarios, the optimal scenario for each one of the

criteria is picked (among the pool of feasible solutions), demonstrated, and compared to

each other. Also, the optimal local scenario that concurrently satisfies all the specified

sustainability criteria is picked and demonstrated, leading to solid and reliable outcomes.
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5.2.3 Results of the optimal HRES sizing according to the three sustainability pillars
After simulating all the specified scenarios, a thorough techno-economic analysis and
environmental assessment for each suggested HRES are presented. Also, a sensitivity
analysis is conducted on five erratic parameters (i.e., Renewable Energy (RE) potential,
discount rate, inflation rate, port’s average energy demand and port's autonomy)
evaluating the proposed system’s stability. The schematic diagram of the proposed HRES

is presented in Figure 5.31.

Load, RES generation,
actual electricity cost, and
environmental footprint

Smart microgrid controller

External power grid |
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Figure 5.31. Schematic diagram of the proposed HRES
Two dispatch strategies are examined for the smart microgrid controller: (a) the Cycle
Charging (CC) dispatch strategy, which is widely known for HRES cases, and the (b) the

Load Following (LF) dispatch strategy, which is less known in the available literature.
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The CC technique instructs the generator to run at maximum capacity or the grid to
satisfy the load requirement while still charging the ESS. In each timestep, the most cost-
effective mix of power sources is determined by measuring their fixed and marginal costs.
As aresult, there is no surplus energy produced or supplied; instead, the smart microgrid
controller ramps up the generator's output or the grid's power in the most efficient way.
The LF dispatch strategy charges the ESS as much as possible until reaching the specified
setpoint and then deliver the surplus energy which could not be used locally into the
electricity grid. In the opposite case, ESS will discharge as much as possible unless
reaching the lower charge limit; the additional insufficient energy will be purchased from
the electricity grid [363]. The outcomes of both the dispatch strategies are very similar
due to the distinct characteristics of the suggested systems, so the CC strategy is picked
as the optimal and used in this research; it is widely known for HRES cases (Figure 5.32).
The baseline LCOE equals 16.0 c€/kWh. Also, the port’s energy demand is almost
875MWh/y, resulting in almost 140,000€/y, and a bit less than 2,000tnCO2,eq,
highlighting the need to transform the port into nZEP. Table 5.6 and Table 5.7
demonstrate the main results of the 35 scenarios that constitute the final candidate pool.
For the sake of brevity, the outcomes of four scenarios are illustrated and discussed in
this section. Indicatively, two optimal systems, in terms of LCOE and CF, for each grid’s
NM functionality case are presented.

After reviewing the tables, two scenarios are picked among the 17 available, based on the
lowest LCOE and the lowest CF, for each case. The social acceptance criterion is satisfied
by picking the scenarios providing at least 24-hr port’s autonomy. This enables the
electricity grid’s alleviation during peak periods; the ESS provides the excess energy for

the port services instead of the electricity grid.
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Figure 5.32. Proposed smart algorithm's flowchart



Table 5.6. Main characteristics of the optimal NM systems for each examined scenario
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RES Technology Economy Energy Environment
Emissions
during
Port ESS Init. Net
% Grid RF PV WT  Inverter NPC ROI IRR PP LCOE operation
= a/a operations (model - Cap. energy gC0O2,eq/kWh
= (%) (%) ((kWp) (qty) (kWp) (M¢€) (%) (W) (y) (€/kWh) (tnCO2,eq/y)
O Autonomy qty) (k€) (kWhly)
NO
CF
CF
1 Baseline 100 0 1.62 0 0 0 0.160 874,624 1967.9
2 - 39.8 602 502 643 X 0416 3509 344 384 26 0.022 -1,411 0 34.5 394
—_— g
3 S g 36.6 634 449 1 600 X 0.613 5248 214 256 39 0.033 -29,359 0 35.7 40.8
5
4 5 329 671 7 X 1480 1245 59 87 9.2 0.091 29,479  66.33  33.8 38.7
5 125 875 605 654 FB250(2) 1.052 9485 99 133 72 0.079 -431 0 62.4 71.4
6 123 877 635 614 FB30 (24) 1.058 9456 99 133 72 0.079 -226 0 65.1 74.4
OPz54620
0 138 862 513 470 1362 1,140 68 9.7 9.3 0.103 -11 0 41.3 47.2
5 7 (598)
R
§ . OPz51905
o g 13.8 862 513 400 1625 1,175 5 75 112 0.123 -12 0 415 474
Zz 8 S (1488)
- S
E OPz54245
= 13.8 862 513 400 1583 1,353 5 76 111 0.120 -13 0 41.2 47.1
9 < (638)
O a
OPzS1875
13.8 862 513 398 1766 1,317 4 62 125 0.134 -1,199 0 414 47.3
10 (1481)
103 89.7 539 1 629 FB250(2) 1205 1,125 76 107 85 0.095 914 2.06 481 55.0

11
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12
13

14

15

16

17
18

48-h autonomy

112 888 607 855  FB250(4) 1.624 1,495 47 71 1151  0.124 108 024 620 70.9

109 891 640 619  FB30(48) 1.620 1,476 47 72 115  0.124 -430 0 646 73.8
OPz54620

124 876 513 636 2300 1,927 18 30 174 0177 371 0 479 54.7
(1196)
OPz51905

124 876 513 295 2.827 1,993  x X x 0.218 541 0 479 54.7
(2976)
OPz54245

124 876 513 295 2744 2349 07 12 215 0211 -537 0 473 54.1
(1276)
OPzS1875

124 876 513 295 3106 2276  x x x 0.239 -83 0 477 54.6
(2962)

92 908 563 445  FB30(48) 1811 1648 37 59 127 0141  -4,648 0 558 63.8




Table 5.7. Main characteristics of the optimal non-NM systems for each examined scenario
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RES Technology Economy Energy Environment
Emissions
during
Port ESS Init. Net
% Grid RF PV WT  Inverter NPC ROI IRR PP LCOE operation
= a/a operations (model - Cap. energy gC0O2,eq/kWh
= %) (%) (kWp) (qty) (kWp) (M€) (%) (%) (y) (€/kWh) (tnCO2,eq/y)
O Autonomy qty) (k€) (kWhly)
NO
CF
CF
1 Baseline 100 0 1.62 0 0 0 0.160 874,624 1967.9 2250
19 E 627 373 217 210 X 1527 1554 178 21.6 4.6 0.115 495,993  1116.0 14.8 1292.9
S
- <
20 -§ 576 424 449 1 600 X 1604 3369 85 119 76 0.122 447,759  1007.5 35.7 1192.7
_ &
21 2 73.0 270 2 X 1787 3825 43 65 108 0.155 633,154 14246 9.7 1639.9
22 124 876 607 208 FB250 (2) 1.369 9493 73 104 88 0.109 52,519  118.17 62.0 206.0
o 23 131 869 614 185 FB30(24) 138 9350 73 103 89 0.113 89,792 202.03 63.1 303.2
2 OP254620
= 120 88.0 549 185 1662 1,160 47 72 115 0.127 -2,016 0 434 444
>
T (598)
A—
- > OPz51905
3 § 120 88.0 549 280 1.925 1,193 3 48 143 0.140 -53,402 0 43.7 50.0
= 25 g (1488)
= 5 OP2S84245
"j 121 879 549 280 1883 1,371 33 53 137 0.137 -53,401 0 43.4 49.7
26 N (638)
OPzS1875
121 879 549 177 2065 1,335 23 38 16.0 0.159 3,955 890 435 49.7
27 (1481)
104 89.6 536 1 290 FB250 2) 1.506 1,124 58 86 10.0 0.117 -99 0 47.5 54.3

28
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29
30

31

32

33

34
35

48-h autonomy

85 915 681 219  FB250(4) 1903 1,532 33 52 138 0147  -14,589 0 661 75.6

95 905 678 453  FB30(48) 1905 1495 32 52 138 0139  -55920 0 669 76.5
OPz54620

76 924 615 255 2300 1,978 08 15 207 0181  -123,309 0 542 62.0
(1196)
OPz51905

75 925 616 237 3077 2,044  x X X 0222 -110,756 0 547 62.5
(2976)
OPz54245

75 925 616 237 2994 2401  x X X 0215  -110,745 0 542 61.9
(1276)
OPz51875

76 924 616 850 3357 2328  «x X X 0227  -178,815 0 554 63.3
(2962)

79 921 599 536 ~ FB30(48) 2.045 1665 27 43 148 0152  -61,89 0 583 66.7
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5.2.3.1 HRES with the grid’s NM functionality

Scenarios involving the grid’s NM functionality operate the electricity grid as an ESS.

There are no energy wastes, as the excess energy is transferred into the electricity grid if
it cannot be consumed neither for the port’s operations nor for the ESS charging. Thus,

the GHGs deriving from the power plants near the port-cities are significantly reduced
due to the high RE penetration; the fossil-fuel-generators do not operate at their
maximum power. The port’s social acceptance increases alongside the attractiveness of
the port services because of the uninterrupted energy supply. The social acceptance’s
factor is satisfied as the optimal-picked systems can provide at least 24h of autonomy; the

electricity grid is alleviated, leading to fewer failures and higher available resources

during peak-demand periods.

40 100
0.300 saseline CF = 1967.9 gCO2s/kWh = LCOE 800
; B — 90 cF
. — 70.0
| / —rr 80 0.250
F 30 " -
£ ] \‘ / - - -Ral 70 ~ o0
g I Q
2 ) L RF S pam %
g Tl 0 2z 002
g T %= " Z
=3 [ £ X . T
= 20 ,". \ 0% Qoiso 400 &
E ' \ ' B . i %
= 1 / ] 40 20 - g " = 2
k" :: \ 2 3 300 :
i .I." \ 30 & 0100 . Ll -
SR U Losmey == 200
[ ’ " 20
_ | \ s > 0.050
S| 10 " 100
f H ’ -
o L |_| - =t 0 0.000 00
1 2 3 4 5 6 7 8 9 101 ‘12 13 1415 16 17 18 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
| i i " j
! T Scenario T
48-h autonomy

1 I Scenario
No autonomy 24-h autonony y

48-h autonomy No autonomy 24-h autonomy

Figure 5.33. Examined scenarios” HRES financial and environmental outcomes for the
NM case

The optimal HRES, from the economic point of view, is this of scenario 5 (Figure 5.33).
The suggested HRES is comprised of 605kWp PVs, a 654kWp AC-DC inverter, and two
pieces of Gildemeister’s FB-250, providing at least 24-h port’s services autonomy. It is the
corresponding scenario to this of the non-NM case (scenario 22). Excess energy is not

treated as a waste as it is calculated cumulatively to the annual energy balance.
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The NM functions beneficially, in terms of LCOE, presenting the lowest energy costs
among all the optimal-picked systems of all scenarios offering 24-h autonomy.
Specifically, the LCOE of the proposed system is 7.9c€/kWh, while the PP equals 7.2y.
These values are the lowest among the possible 24h scenarios due to the increased ESS
efficiency and the grid’s NM functionality. The LCOE is 50.6% lower than the baseline,
which is substantial for such an initiative that provides 24h autonomy to the port’s
services. 71.4gCO2,eq/kWh are emitted during its operation, which is reduced by 96.8%
compared to the baseline case. The optimal proposed system, on environmental terms,
consists of 513kWp PVs, a 400kWp AC-DC converter, and 638 pieces of OPz54245,
providing 24-h autonomy. The LCOE is 52% higher than this of scenario 5, but still 25%
lower than this of the baseline scenario; the LCOE is 12c€/kWh. The suggested system’s
CF is 47.1gC0O2,eq/kWh, which is 97.9% lower than the baseline one and 34.1% lower than

the optimal-picked on financial terms (scenario 5).
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Figure 5.34. Monthly energy generation diagrams for the two optimal-picked scenarios

for the NM case
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The highest RE generation takes place during the summer months (Figure 5.34). Also, the
high ESS and NM importance during the winter months, is highlighted by the low
renewable fraction and the lower grid purchases compared to the baseline case. For
scenario 9 on which another ESS type than scenario 5 is used, both the renewable energy
fraction and the excess energy are lower. Unexpectedly, the grid purchases are slightly
higher in scenario 5 than in scenario 9; the NM functionality shows that the net energy is

negative in both cases.
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Figure 5.35. Heatmaps of the hourly renewable power output and state of charge for

optimally-picked NM systems

There is no actual difference between the two cases for the high-RES production hours
(Figure 5.35). The energy production scheme is the same for both cases; there is no energy
generation during the night due to the absence of WTs. Although, the high amounts of
generated energy during the day are enough to charge the installed ESS and provide all
the required energy during the high peak-demand months. The RES power output is

higher on the HRES of scenario 5 due to the higher installed power of the PVs.
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For the HRES of scenario 5, it is clear that the PVs generate the energy to fully charge the
ESS, according to the red colour in the heatmap (Figure 11). For the suggested HRES of
scenario 9, the PVs cannot fully charge the ESS during the day-hours for that many
instances as in scenario 5; more orange than red colour instances are occurring in the
heatmap. The black spots depict that there is no enough stored energy in the ESS to serve

the port’s needs.

s (MWh)

purchase:
sy Load (MW

Energy Load (MW)

Figure 5.36. Daily grid sales and purchases for the optimal-picked systems for the NM
case

The energy sales are calculated in the annual energy balance unalike the non-NM case.
There is more excess energy in the HRES of scenario 5 compared to this scenario 9,
justifying that the daily energy sales are higher in some cases (Figure 5.36). The energy
purchases are almost the same, presenting some minor decreases in a few cases; they are
more common in the winter months due to the inadequacy of RE generation. Besides, the
higher energy sales are during the spring months due to the lower energy loads according
to the lighting infrastructures responsible for more than 50% of the total energy demand.
If either the discount or the inflation rate is reduced or increased, the financial terms of
the initiative are greatly impacted. For both the NM optimal-picked systems, the annual
net energy is negative, meaning that the grid purchases are lower than the grid sales; the

positive GHGs are explicitly deriving from technologies” operation. The grid energy is
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counterbalanced from the RE generation. Also, both systems” LCOE reduction is
significant, and the prospect of converting a port into nZEP seems to be viable and
realistic.

The financial outcomes can be verified by the available past researches regarding other
infrastructures, such as households, islands or even communities. The calculated LCOE
is lower than the vast majority of past researches due to the utilization of actual cost data
for the technologies in Greece and the high-RES penetration. Also, the social acceptance
criterion is considered and satisfied. Consequently, the port’s city economy flourishes by
the port’s activity, which is projected to rise; the port’s attractiveness is increased being a
nearly zero-energy infrastructure, offering unhampered services to its end-users.

5.2.3.2 HRES without the grid’s NM functionality

The scenarios without the grid’s NM functionality indicate the importance of
incorporating ESS into HRES; the RE needs to be stored. The two optimal-picked systems

refer to the scenarios incorporating 24-hr port’s services autonomy (Figure 5.37).
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Figure 5.37. non-NM examined scenarios” HRES financial and environmental outcomes
The ideal HRES, on financial termes, is this of scenario 22; PVs of 607kWp are installed, a

208 kWp AC-DC inverter, and two pieces of Gildemeister’s FB250 are incorporated. The
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port services can operate for at least 24-hr with no energy supply from the installed RES
or the electricity grid. The system’s LCOE is 10.9 c€/kWh, 32% lower than the baseline;
the system’s PP equals 8.8y, which is substantial, considering the 24-h services’
autonomy. The port’s CF (463.7gCO2,eq/kWh) is reduced by 79.4% compared to the
baseline (2250gC0O2,eq/kWh), establishing a modern, environmentally-friendly
infrastructure harmonised with the most recent EU legislation. According to the
conducted sensitivity analysis, if either the discount or the inflation rate are modified, the
proposed system’s financial outcomes are greatly impacted similarly to the previous case.
Altering the renewable resources’ potential indicated that the solar output highly impacts
the HRES green energy due to the high PV penetration.

Meanwhile, the optimal HRES, on environmental terms, is this of scenario 28, which
proposes to install 536kWp of PVs, a 50kWp WT, a 290kWp AC-DC inverter and two
pieces of Gildemeister’'s FB250. This system scored the lowest CF among the other
candidates (374.7gCO2,eq/kWh); it is 83.3% lower than the initial due to the high RES
penetration and the lower grid purchases; WTs power output is not restricted to day-
hours. Also, the system’s LCOE equals 11.7c€/kWh, being slightly higher (7.3%) of the
financial-optimal, but still lower than the initial one (26.9%).

Indicatively, Figure 5.38 depicts the system’s monthly energy generation for both cases;
Figure 5.39 demonstrates the hourly ESS state of charge for the two optimal-picked cases,
while Figure 5.40 shows the daily energy purchases from the grid compared to the daily

energy sales to the grid for both scenarios.
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Figure 5.38. Monthly energy allocation diagrams for the two picked scenarios for the non-
NM case

The high renewable penetration is evident during the summer months, when the PVs
energy output is maximised. The high importance of ESS during the winter months for
both the examined cases is evident as any excess energy is dumped to the electricity grid;
in scenario 22, more PVs are installed compared to scenario 24, to cover the port’s needs
in cooperation with the ESS. Although a 50KWp WT is installed in scenario 28, more
excess energy is provided to the grid on scenario 22; 259MWh of excess energy is dumped
on scenario 22 compared to 210MWh of excess energy on scenario 28. Although the RES
generates more energy in scenario 22, the grid sales are higher, leading to positive annual
grid purchases, negatively impacting the system’s CF. The ESS enable the asynchronous

use of the RE during the night hours.
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non-NM systems

The ESS is fully charged during the summer because of the increased RE generation
(Figure 5.39). Meanwhile, there is sufficient stored energy to cover the port's needs even
during the night hours. For the installed WT that generates energy during night-hours, it
contributes for only 10% of the total energy demand. Consequently, there is no need for
grid purchases during the summer months, as the ESS can store all the surplus energy
for future use. In addition, more energy is stored in the ESS by adding the WT, leading
to a more stable system capable of covering even the unforeseen high-peak demands.
The main difference between the two scenarios is that in scenario 28, which is
environmentally optimal, there is green energy generation during the night due to the
WT that contributes to the ESS charging during the night at higher levels than in scenario
22, while also limiting their lower discharge levels during the day. There are higher
amounts of stored energy during the summer months when the PVs production is
maximised. There are great amounts of energy in the ESS during the spring and summer

months, which are not used for the port’s needs during the day instead of the winter or
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autumn months. Nevertheless, the ESS stored energy is similar in both scenarios, proving
their great importance for the port’s operation, even when they are not needed to provide
autonomy but to normalise the loads and alleviate the electricity grid. Thus, their role is
catalytic for the port cities' economy and the unhampered, trouble-free and safety of the

port services.
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Figure 5.40. Daily grid sales and purchases for the optimal-picked systems for the NM
case

Grid sales correspond to the energy that is not used anywhere due to the absence of the
grid’s NM function. Even for the optimal HRES sizing, it is impossible to self-consume
all the energy generated; even the ESS cannot store all the RE energy leading to energy
wastes. In the WT-case, the dumped energy is more than in scenario 22, while the energy
purchases are lower due to the energy generation during the night-hours (Figure 5.39).
Instead, there are days in which the grid purchases are much lower while the demand
peaks are reduced. If the actual cost scheme had been integrated, the financial benefits
would be even greater. The energy purchases are most common during the winter
months, while the energy sales are higher during the summer. The excess energy is
mainly during the day due to the increased production of PVs; this energy is fed to the

grid without any profit for the port authorities. The grid purchases during the night are
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reduced in scenario 28 compared to scenario 22 due to the WT’s existence. Altogether,
the excess energy is higher for scenario 28 due to the greater RES penetration.

The conducted sensitivity analysis for both the grid cases, led to the same results; the
renewable resources potential highly impacts the suggested HRES operation and the
port’s operations stability. Also, the higher the requested ESS autonomy, the higher the
LCOE expected due to the initial increased capital. Lastly, the mean daily energy
consumption highly impacts the port’s CF due to the increased needs to be covered using

energy from the electricity grid.
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5.3 Introducing the cold-ironing technique into a small Mediterranean

port by examining the efficiency of a hydrogen-based HRES
5.3.1 Case study’s detailed description
According to the previously-mentioned typology, the selected case study is the small-
sized port of Adamas in Milos Island (Figure 5.41). The port serves the island's
inhabitants' needs, providing ferry transport to the mainland or other islands, such as
Piraeus, Rethymno, Heraklion, and Syros. In addition, Adamas is the most developed
tourist centre of Milos and is defined as the main reception point of tourists during the

summer season. Therefore, it plays a crucial role in the island's economic development.
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The next step was collecting the energy consumption data regarding the port's operations
to establish its energy profile. After ensuring the local port authorities and the Hellenic
Electricity Distribution Network Operator's collaboration, the research team acquired the
needed data using a smart metering system. Average load equals 8.03 kW, peak load
equals 37.85 kW, and average daily consumption equals 192.7 kWh/d (Figure 5.42). Based
on the Greek market data, the equipment types to be used were set, and their actual cost
was specified. Afterwards, the island's energy mix was calculated using the local energy
supplier's data and the Technical Chamber of Greece's annual reports.

The probability of implementing the cold ironing technology in a small port is
challenging, as no significant research has been conducted yet. It is crucial to design the
ports' energy profile to implement the CI technology properly. The energy profile
corresponds to the energy demand met by the berthing ships' auxiliary engines' operation
during berthing time. The information was obtained by the local port police and the
agents of each shipping company. Then, MATLAB software was utilised to distribute the
hourly energy consumption throughout the year. Specifically, by examining every hour,
day, and month, an individual energy profile was created for each ship. The total ships'
energy profile is equal to their sum. Average load equals 67.02 kWh/d, peak load equals
1,035 kW, and average daily consumption equals 1,608.4 kWh/d (Figure 5.43). Table 5.8
presents the energy data for the port's and ships' energy profile.

Table 5.8. Energy data for the port's and vessels' energy profile

Energy profile Port Ships
Average load (kW) 8.03 67.02
Peak load (kW) 37.85 1,035

Average daily consumption (kWh/d) 192.7 1,608.4
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Despite being located in an area, with a lot of sunny days throughout the year (Figure
5.44) and constant (but not extreme) winds (Figure 5.45), there is no generation based on

RES yet. Thus, the whole port's energy needs are covered by the local electricity supplier.
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Figure 5.44. Adamas' port hourly solar potential
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5.3.2 Cold-ironing and hydrogen integration methodology

This part aims to examine different methods capable of upgrading the small-sized port
of Adamas in Milos Island. Hydrogen systems have never been examined for such small
case studies before, as far as the research team is concerned. Actual data were used
regarding the energy profile, the GHGs calculation, and the incorporated technologies to
enhance the outcomes' reliability. Specifically, the prospect of embedding a green
hydrogen system in a port is examined in terms of autonomy and minimisation of GHG
emissions. Furthermore, the cold-ironing technology is integrated and examined to
eliminate berthing ships' emissions in a small port for the first time, according to the
recent EU legislation. Finally, the proposed system's sustainability is evaluated regarding
its economic viability, social acceptance, and the reduction/minimisation of the
environmental footprint.

5.3.2.1 Case study selection

According to a previously-created typology, the selected case study is the small-sized
port of Adamas in Milos Island. The port serves the island's inhabitants' needs, providing
ferry transport to the mainland or other islands, such as Piraeus, Rethymno, Heraklion,
and Syros.

5.3.2.2 Data collection

The next step was collecting the energy consumption data regarding the port's operations
to establish its energy profile. After ensuring the local port authorities' and the Hellenic
Electricity Distribution Network Operator's collaboration, the research team acquired the
needed data using a smart metering system.

Based on the Greek market data, the equipment types to be used were set, and their actual
cost was specified. Afterward, the island's energy mix was calculated using the local
energy supplier's data and the Technical Chamber of Greece's annual reports.

The probability of implementing CI technology in a small port is challenging, as there is

not enough scientific evidence to support it. To implement the CI technology, it is crucial



Page 212 of 318

to design the ports' energy profile. To format it, the energy demand of ships' auxiliary
diesel engines, while at berth, is needed, as well as the berthing time. This information
was obtained by the local port police and the agents of each shipping company.

5.3.2.3 [Examined technologies description and mathematical modeling

Considering the available Greek market data, the selected photovoltaic (PV) panel was
the SunPower X21-335-BLK (Table 5.9) due to its availability and cost-effectiveness. The
cost data varies according to the installed operation power, and certain costs per power
determine the variance.

Table 5.9. Technical characteristics and cost data of SunPower X21-335-BLK

Power Optimal Initial
Efficiency Lifetime Power Replacement O&M cost
per panel operating Capital
(%) (y) (kWp) cost (€) (€ly)
(kWp) temperature €
1 1,400 1,400 10

10 9,000 11,000 100

50 40,000 45,000 500
100 75,000 85,000 1,000
500 350,000 400,000 5,000
1,000 600,000 700,000 10,000

The hourly power generation capacity for the solar PV module is calculated by Equation

0.335 43 21 25

46 [376].

I
PPV = YPV X fpV X I_T X [1 +aX (Tcell - TS)(46)
N

Yrv is the PV's rated capacity, fev is the derating ratio, Ir is the incident irradiation, Is is
the standard test irradiation, ais the temperature coefficient, Tcen is the cell's
temperature, and Ts is the temperature at standard test condition.
The total radiation for the solar PV is calculated from Equation 47 [377].

Its = Ips X Reps +1gs X Rgs + (ps + 1gs) X Ry (47)
Ivs is the normal irradiation from the sun, Rsh, s is the sun's shunt resistance, las is diffuse

solar irradiation of the PV, Rus is the diffuse tilt factor Ris is the tilt factor for the reflected
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solar irradiations. The solar PV maximum output power is calculated from Equation 48
[377].

Parr = Ngs X Nps X Py5(48)
Nss are the in-series connected solar PV modules, NPs are the connected solar PV
modules in shunt, and PMs are the solar PV power output.
Considering the available Greek market data, the chosen wind turbine (WT) was the
Aeolos H-10kW (Table 5.10). The cost data varies according to the number of pieces
installed, and certain costs per power determine the variance.

Table 5.10. Technical characteristics and cost variance per installed piece for Aeolos

H10kW

Nominal power (kW) 10
Peak power (kW) 11

Technical Minimum sufficient wind speed (m/s)  2.50

characteristics Nominal wind speed (m/s) 10
Lifetime (y) 20
Efficiency (%) 95
Initial capital per piece (€) 35,000
Replacement cost per piece (€) 40,000

Cost Variance O&M per piece (€/y) 500
Initial capital per 5 pieces (€) 150,000
Replacement cost per 5 pieces (€) 150,000
O&M per 5 pieces (€/y) 500

Wind speed, according to the hub height, is calculated from Equation 49 [377].

X

U, =U; X [hﬁ] (49)

2

Us is the wind's speed at a height h, Ui is the wind's speed at a height h;, and x is a power
law.
The mechanical output power of a WT is calculated from Equation 50 [377].

p XA

Bn = Cp(4, B) X x Uy* (50)
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where Pm is WT's mechanical power output, Cp is the performance coefficient, A is a tip-
speed ratio of a rotor blade, 3 is a pitch blade angle in degrees, g is the air's density, A is
the WT's swept area, and Uw is the wind's speed.

The WT's output power is calculated from Equation 51 [378].

( 0' UW < Ucut—in or UW = Ucut—out
UW3 - Ucut—in3
Pyr(t) =4 P 3 5 | Ucut-in < Uy < Uy (51)
Ur - Ucut—in

P Uy < Uy < Ucyt—out

where U: is the nominal speed, Ucutin is the cut-in speed, Ucutout is the cut-out speed, and
P: is the output power at rated speed

As previously mentioned, investments involving CI equipment are still immature when
investigating medium and (especially) small-sized ports, so international literature was
consulted to estimate the potential cost. According to research by C. Trozzi et al., in
Napoli's cruise terminal (15.5 MW average power), the total cost for decentralised dock
systems, with portable alternative marine power, is approximately equal to 20,000€ [379].
The port of Adamas cannot accommodate more than three vessels simultaneously, so the
assumption is set to 3 dock systems. Summing a 25% error factor, the total cost for
implementing CI technology in Adamas' port was calculated to be 75,000€.

The hydrogen system consists of an FC, an El, and an HT [380]. According to the national
literature, the initial cost data comes from the Greek market, but due to the extremely
high values, market data, according to the national literature, was also utilised. Table 5.11
presents the hydrogen's equipment cost, according to the Greek and the investigated

literature market data.



Page 215 of 318

Table 5.11. Market data for the hydrogen equipment's cost

Replacement
Capital cost O&M cost Lifetime
Component = Market Data cost
© (€/year) )
()
Greek 20,000/kW 20,000/kW 0 25
El
Literature 2,000/kW 2,000/kW 0 25
Greek 12,195/kg H> 12,195/kg H: 0 25
HT
Literature 1,500/kg H- 1,500/kg H- 0 25
Greek 4,500/kW 4 500/kW 0 4.57
FC
Literature 2,500/kW 2,500/kW 0 4.57

The El's output power is calculated from Equation 52 [381].
Pgi_rank = Pren-g1 X Mg (52)
where PreneL is the input power of the El and ez is the efficiency of it.
The HT's stored energy is calculated from Equation 53 [381].
Erank(®) = Erank(e-1) + (Ppi—rank X 4t) = (Prank-rc X At XTstorage) (53)
At is the length of the time step, and rjstorage is the efficiency of the hydrogen storage
system.
The stored hydrogen's volume is calculated from Equation 54 [381].

E Tank(t)
HHVy,

My = (54)

where HHV: is the heat value of the hydrogen.
The FC's output voltage is calculated from Equation 55 [381].

Vec = Neeu X Ecen = E — Vact = Vorm = Veon (55)
where Vrc is the output voltage, E is the open-circuit voltage, Vit is activation over-
voltage, Vown is ohmic over-voltage and Ve is concentration over voltage.
One vital part of this study was calculating the case study's energy mix to quantity its EF.
As previously mentioned, there is currently no energy generation in the port, and the

local factory of electricity covers the entirety of energy needs. To calculate the energy mix
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for the case study, the Technical Chamber of Greece and the local factory's authorities

were consulted:

e To convert the energy needed to primary produced electric energy, a multiplication
with 2.9 kWh is needed. Also, for every produced kWh of electric energy by
conventional fossil fuels-burning engines, 0.989 kg CO:e are emitted to the
atmosphere [382]

e The island's energy mix consists of a diesel generator (24.93% energy production), a
mazut generator (62.34% energy production), and RES (12.73% energy production).

In conclusion, the emissions factor used to calculate the EF for the port's energy needs is

calculated by Equation 56:

kgCO, — e
EF = (24.93% + 62.34%) X 0.989—-Z— +12.73% x 0 = EF
_ 086318927 ¢ ¢
- kWh (56)

The proposed system's cost is calculated from each component's sum. Specifically, the
added costs concern the PVs, the WTs, the CI technology, the FC, the El, and the HT.
Equation 57 presents the total system's cost.

Ctotar = Cpv + Cwr + Cep + Cpc + Cpy + Cyr (57)
Crv is the PV's cost; Cwr is the WT's cost, Ccr is the CI technology's cost, Crc is the FC's
cost, Cri is the El and Crur is the HT's cost.
Each of these costs is calculated from Equation 58.

Ci = N; X [Ceapi + (Crep,i + Nri) + Comi] (58)
where Ni is each component's number in the system, Ccap, i is each component's initial
capital (IC) cost, Crep, i is component's replacement cost, N, i is each component's
replacement number, and Cowm,iis each component for operation and maintenance.
The system's Levelised Cost of Energy (LCOE) is calculated from Equation 59 [383].

LCOE = Cann,tot — Cpoiler X Hserved (59)

Eserved
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Camn, w0t is the total annualised cost of the system, cooiler is the boiler's marginal cost, Hserved
is the total thermal load served, and Eserved is the total served electrical load.

5.3.2.4 Scenarios' conceptualisation

To find the optimal solution for the Adamas' port, either with or without taking the ship's
energy profile into account, several scenarios were conceptualised and simulated using
the Homer PRO tool. The first scenario (base scenario) represents the current port's state.
The following six scenarios (2-7) aim to provide the optimal solution without considering
the ships' energy load (CI), while the last six scenarios (8-13) have the same design as
scenarios 2-7, while including the CI technology. The other embedded sensitivity cases
were the hydrogen system's cost source (Greek or literature market data), the time needed
to fill the HT (24h or 8h), and the utilised RES (PV or PV+WT) (Table 5.12).

Table 5.12. Design parameters for each scenario

Source of cost HT's fill Designing

Scenario ) Cl RES
(market data) time (h) load demand

1 X X X X X

2 Greek 24 Mean X PV

3 Greek 24 Mean X PV+WT

4 Literature 24 Mean X PV

5 Literature 24 Mean X PV+WT

6 Literature 24 Peak X PV

7 Literature 8 Mean X PV

8 Greek 24 Mean v PV

9 Greek 24 Mean v PV+WT

10 Literature 24 Mean v PV

11 Literature 24 Mean v PV+WT

12 Literature 24 Peak v PV

13 Literature 8 Mean v PV
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5.3.3 Outcomes of the cold-ironing and the hydrogen storage system integration
5.3.3.1 General results

A thorough techno-economic analysis of the proposed HRES with and without
incorporating the CI technology for the on-shore power supply of ships, is presented
based on the actual port’s energy profile. Also, the actual market data of the components’
costs are implemented. The components of each scenario’s system are presented in Table
5.13. The major study’s outcomes are presented in Table 5.14 and Table 5.15. Table 5.14
presents the implementation or not of the CI technology for each scenario, as well as the
sizing of each proposed component, and the portion of each energy generation
technology. In contrast, Table 5.15 shows each scenario’s system's cost, the simple
payback period (PP), the efficiency in economic terms, the HRES autonomy (in hours),
and the EF for each simulated scenario’s HRES (without taking into consideration the
LCA of each component). In the case of CI, the berthed ships” actual load is taken into
consideration, leading to increased energy demand for the port’s services.

Table 5.13. The components of each conceptualised scenario’s system

Non-CI cases CI cases

Scenario PV~ WT  HESS EL FT Scenario PV~ WT  HESS EL FT

1 x x x x x 8 x x v x x

2 v x v Mean  24-h 9 4 x v Mean  24-h
3 4 v 4 Mean  24-h 10 4 v 4 Mean  24-h
4 v x v Mean  24-h 11 v x v Mean  24-h
5 v v v Mean  24-h 12 4 v v Mean  24-h
6 4 x 4 Peak 24-h 13 4 x 4 Peak 8-h

7 v x v Mean 8-h




Page 219 of 318

As mentioned before, in the methodology section, the first scenario’s system presents the
current port state (baseline). There is no energy generation on-site for the port’s needs;
the port is depended, in energy terms, on the local electricity grid. The two subsections
of the table represent the different CI scenarios and the comparisons between the systems
of scenarios 2 to 7, and these of scenarios 8 to 13. Two optimal systems were picked, with
or without the CI implementation.

Table 5.14. Technical characteristics of each system’s components per scenario

RES Hydrogen system Energy generation
Scenario  ClI PV WT El FC HT Grid PV  WT FC
kw)  (kw) (kW)  kw) kg ) ) (%) (%)
1 X 0 0 0 0 0 100 0 0 0
2 X 46.1 0 15 8 7 245 635 0 12
3 x 30.8 1 15 8 7 234  46.2 21 94
4 X 48.4 0 15 8 7 194 64.6 0 16
5 x 32.2 1 15 8 7 189 473 205 133
6 X 44.5 0 45 40 7 30,2 62.6 0 7.2
7 X 50.7 0 45 8 7 145 65.6 0 19.9
8 v 437 0 130 80 65 284 595 0 121
9 v 424 1 130 80 65 28.0 58.0 1.9 12.1
10 v 438 0 130 80 65 284 595 0 121
11 v 425 1 130 80 65 279 58.0 19 12.1
12 v 456 0 130 1075 65 240 60.5 0 15.5
13 v 461 0 390 80 65 23.1 60.8 0 16.1

The impact from the port's operation is economic, social (leading to instability, in extreme
energy demand events, or blackouts in the local power plant), and environmental (the
local factory generates electricity by fossil fuels’” combustion). Thus, the impact is also
economic and environmental, leading to significant benefits for the port in both sectors.
The economic and the environmental characteristics of each scenario’s proposed system

are presented in Table 5.15.
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The systems of scenarios 2, 3, 6, 8, 9, and 12 are economically infeasible due to the
increased LCOE, which is higher than the baseline LCOE. Indicatively, the LCOE is
doubled compared to the baseline one, leading to unprofitable investments as the
systems’ PP, RO], and IRR are indicating.

Table 5.15. Economic and environmental characteristics of each system per scenario

System's cost Economic efficiency
Scenario NPC LCOE O&M IC PP ROl IRR Autonomy r
© e © @ o o o o L
1 145,544 0.160 11,258 0 - - - - 176,123.6
2 470,133 0.356 908 458.4 - - - 29.0 0
3 496,975 0.387 1,196 481.5 - - - 29.0 0
4 117,309 0.094 1,398 99.2 9.2 5.9 8.8 29.0 0
5 144,711 0.120 1,782 121.7 11.7 3.8 6.0 29.0 0
6 248,717 0.220 536.4 241.8 226 04 0.8 29.0 282.8
7 185,015 0.158 1,861 161.0 168 1.8 3.1 29.0 2.5
8 4,242,942 0.318 8,376  4,134.7 - -1.9 - 28,9 255.3
9 4,279,084 0.323 9,167 4,160,6 - -1.6 - 28.9 0
10 1,028,255 0.077 6,855 939.6 8.6 74 105 28.9 0
11 1,064,969 0.080 7,664 965.9 8.9 70 10.0 28.9 0
12 3,498,959 0.276 4563  3,440.0 - -1.0 - 28.9 0
13 1,611,478 0.128 10,507 1,4756 139 28 4.5 28.9 0

Regarding the port’s environmental impact, the systems of scenarios 6, 7, and 8 are not
environmentally friendly due to their increased CF. The positive CF indicates that the
generated energy from the HRES is not adequate to cover the port’s needs, so the grid
energy is needed. The CF index represents the grid purchases as the components” LCA
CF is not considered for this study. Indicatively, the CF indexes for the hydrogen storage
system is 6.5gC0Ox2,.q/kWh, while the corresponding CF indexes for PVs and WTs are 37.3
and 40gCOz2./kWh.



Page 221 of 318

5.3.3.2 Grid-connected HRES without the CI implementation

A total number of 6 scenarios were conceptualised and simulated regarding the optimal
sizing of the proposed HRES without implementing the CI technology. The optimum
HRES based on the system’s LCOE and CF for each scenario was placed into a candidate
pool; the best scenario from the pool of optimum solutions was chosen as the ideal. The
selected-optimal HRES were chosen based on three particular criteria: the suggested
HRES LCOE is the first. The port's operational dependability and stability insurance is
the second criterion, while the CF is the third. Ports are responsible for ensuring that their
services are delivered without interruption, regardless of possible electricity grid’s
outages.

Consequently, the research team designed and sized the hydrogen storage system to
provide at least 28-h autonomy to the port services. Only if the recommended HRES's CF
is zero is the lowest-NPC scenario picked as ideal. The LCOE and CF per candidate

scenario are presented in Figure 5.46.
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Figure 5.46. LCOE and CF of the optimal solutions per scenario (1-7) for the non-CI cases
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The initial LCOE is 0.16€/kWh, and the initial CF is 176,123,6tnCOz.q/yr according to
Figure 5.46. The economically infeasible scenarios are those with higher LCOE than the
baseline (2, 3, and 6), while the LCOE of the system of scenario 7 is near the baseline
value; all these four scenarios are eliminated. Only the systems of scenarios 4 and 5 are

picked as optimal, and the best among the two has to be picked.
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Figure 5.47. Energy generation scheme for the two optimum scenarios for the non-CI

cases
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The comparison between the systems of the two optimal scenarios was made regarding
their LCOE, their CF and their social acceptance. The CF of both systems equals zero,
meaning that the energy generated by the RES and stored in the HESS is adequate to
cover the port’s energy needs in cooperation with the NM functionality. Although, the
social acceptance of the system’s components of scenario 5 is less than this of scenario 4
due to the implementation of 1 WT, which is well-known to be not accepted by the public.
Moreover, the system’s LCOE of scenario 4 is less than this of scenario 5; 0.094€/kWh
compared to 0.120€/kWh, respectively. Figure 5.47 represents the daily energy generation
for each scenario’s system.

The benefits of building a PV park are demonstrated by the consistent PVs' energy output
throughout the year, demonstrating the case study's significant solar potential. The PVs'
energy output peaks during the noon hours, and extra energy is created throughout the
year. Rather than immediately delivering it to the local electricity grid (net-metering), it
is delivered to the El to store it properly in the hydrogen tank, enabling the later use of
the extra “green” energy generated during the day to be used during the night.

In scenario 4, the PVs provide the required energy for the port’s needs in cooperation
with the hydrogen fuel cell system activated when the PV-generated energy is not
adequate; grid purchases are avoided when possible (Figure 5.48). Even if there is only 1
WT in scenario 5, the contribution to the total energy generation is high; WTs generate
more energy than PVs as they can operate during night hours if there are adequate wind
resources. The hydrogen tank is being filled during the year when the energy demand is
low; the RES generates more energy than needed, which is not dumped into the electricity
grid but stored in the hydrogen tanks to be used later in the year. During the summer
months, when the port’s energy demand is high, the stored hydrogen is lower in the
hydrogen tanks as the fuel cell provides the energy needed the RES can not generate that

to cover the port’s energy needs.
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Figure 5.48. Grid purchases and sales for scenarios 4 (a, b) and 5 (c, d)

The grid purchases on scenario 5 are lower than on scenario 4 due to the implementation
of the WT which can provide green energy during the night hours. On the other hand,
through the NM function, the grid sales are higher for scenario 5 during the low-demand
periods and lower during the higher-demand periods (summer).

5.3.3.3 Grid-connected HRES with the CI implementation

The CI technology implementation was created through the MATLAB software after
obtaining the required data from the local port personnel and the ferries” companies. The
exact ship routes were modeled through a smart integration algorithm created by the
research team and converted the actual power of the vessels’ engines to energy by
considering their berth-time. Specifically, each ship arrives at the port on certain days and
stay on-berth for a certain time according to its daily route; the calculation of its energy
demand, if it would consume electricity instead of fossil fuels, is as accurate as possible.
As aresult, the energy demand for the ships is a lot greater than the port’s actual demand;

the port’s energy profile has been increased accordingly (Figure 5.49).
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Figure 5.49. Port’s energy profile for the CI cases
The port’s energy demand is 657,497kWh/yr compared to 70,365kWh/yr, which was the
energy demand on the baseline case (almost 10 times higher); the port, in this case, is
handled as a medium-sized port according to the already mentioned typology.
The conceptualization of the scenarios is the same as in the previous case; Table 5.13
demonstrates the components of each scenario’s system, while Table 5.14 and Table 5.15
present the technical and the economic/environmental characteristics of each scenario’s
system, respectively.
Figure 5.50 represents each scenario’s system LCOE and CF. The CF of all the examined
scenarios is zero except for the system of scenario 8, which is not capable of providing all
the required energy to cover the port needs; grid purchases are higher than grid sales in

this scenario.
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Figure 5.50. LCOE and CF of the optimal solutions per scenario (1-7) for the non-CI cases
The systems of scenarios 8, 9, and 12 have an LCOE higher than the baseline; they are
economically infeasible, and their ROIs are negative meaning that the investments are
not profitable and are not qualified to be picked in the candidate pool. The LCOE of the
systems of scenarios 10, 11, and 13 have an LCOE lower than the baseline. These three
scenarios have zero CFs; the grid sales are equal or higher than the grid purchases. The
social criterion is fulfilled in scenarios 11, and 13 as there are no WTs. The other
economical indexes (PP, ROI, IRR) are lower for scenario 13 than for scenario 11; the
optimal system is this of scenario 11. For comparison reasons, the systems of scenarios 10
and 11 are compared; the energy generation schemes scenarios are presented in Figure

5.51.
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Figure 5.51. Energy generation scheme for the two optimum scenarios for the CI cases

In this case, the contribution of the implemented WT is scarce due to its low power output

(10kW); due to the social acceptance criterion no more than one WT can be implemented

near the port area. The PVs in collaboration with the FC are enough to provide the port



Page 228 of 318

with the required energy during the summer months (peak energy demand) for both
cases. The hydrogen tank is filled during the winter months when the energy demand is
low and there is excess energy from the RES. There is no noteworthy difference between
the hydrogen tank levels among the two cases due to the high-RES penetration.

For the systems of scenarios 10 and 11, the grid purchases and sales are almost similar
due to the low contribution to the energy generation by the installed WT in scenario 11.
The system needs energy from the grid during the summer night-hours, as expected. The
grid sales are higher during the winter day-hours as there is a lot of excess RES energy;
as long as the hydrogen tank is full, the excess energy is transferred into the electricity
grid to offset the grid purchases, utilizing the grid’s grid NM functionality ().
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Figure 5.52. Grid purchases and sales for scenarios 10 (a, b) and 11 (c, d)
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5.3.3.4 Comparison of the four optimal scenarios

The four optimal scenarios that were selected and moved into the candidate pool are
compared all together in Figure 5.53. The RES generation is higher than the energy
demand during the winter months (low demand periods), while the energy demand is
higher than the RES generation during the summer months; grid energy is purchased to
cover the port’s energy needs. The contribution of the FC is higher during spring and
summer when the stored hydrogen is converted into electricity to be used for the port’s
energy needs. The monthly grid purchases are scarce during the low-demand periods
while they are increased during the high-peak seasons, as the HRES cannot provide the

required energy to fully cover the port’s needs.
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5.3.3.5 Sensitivity Analysis

To explore and analyse the impact of uncertainties on the recommended HRES, an
LCOE sensitivity analysis was performed. Although the sensitivity analysis is carried
out for all the ideal scenarios, only the best-selected for each CI case are presented.
The LCOE of the HRES is affected by the cost of the HESS components, the solar
radiation, wind speed, hours of autonomy, and typical daily energy use. As predicted,
there is a significant influence on the overall HRES economic results, and any changes
would influence the study's results. The impact is proportional to the change in the
indices.

5.3.3.5.1 Sensitivity analysis on the non-CI cases

For the non-CI cases, the system of scenario 4 is the ideal both in terms of LCOE and
CF; the social criterion is also satisfied as there are no WTs. In the event of an
unanticipated increase in demand, the LCOE will rise because the suggested HRES
will not meet the energy demands; nevertheless, the CF will be positive due to the grid
purchases (Figure 5.54). In scenario 4, PV penetration is considerable, making the
HRES extremely reliant on the area's solar potential. As a result, if solar radiation
declines, the HRES will be unable to meet the overall energy demand, resulting in grid
purchases and higher CF (Figure 5.54). Furthermore, losses in solar potential have a
significant influence on the LCOE. Regarding the sensitivity analysis on the cost of the
HESS components, the EL and the FC costs were examined, as shown in Figure 5.54.
They both have a noteworthy impact on the system’s LCOE due to their high
contribution on the initial capital as the most expensive components of the system; the
FC has a slightly greater impact on the system’s LCOE due to its higher initial cost

despite the almost half installed power compared to the EL.
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Figure 5.54. Sensitivity analysis for the four varying parameters for the non-CI cases

5.3.3.5.2 Sensitivity analysis on the CI cases

For the CI cases, the system of scenario 10 is the optimal regarding both the LCOE and

the CF; the social acceptance is high as there are no WTs. The LCOE will rise in the

event of an unexpected increase in demand since the recommended HRES will not be

enough to fulfill the energy demands; nevertheless, the CF will be positive due to grid

purchases (Figure 5.55). In scenario 10, PV penetration is high, making the HRES

dependent on the solar potential of the location. As a result, if solar radiation falls

below a certain threshold, the HRES will not fulfill total energy demand, resulting in

grid purchases and increased CF (Figure 5.55).
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Similarly to the non-CI cases, the EL and FC costs were examined as sensitivity

variables, as shown in (Figure 5.55). They both significantly influence the system's

LCOE due to their high initial capital contributions as the system's most expensive

components; the EL has a somewhat bigger influence due to its higher installed power

than the FC.
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5.4 Evaluation of two micro-grid energy dispatch strategies for a port

HRES

5.4.1 Case study detailed description

The main port of Crete's island was selected as a case study with latitude 35.34' N and
25.14 E' longitude (Figure 5.56), which is a large-sized Mediterranean port.
Furthermore, Heraklion port was chosen as the most favourable case due to its high
HRES and SEMS potential. Since the island's primary income derives from tourism,
this port is a top priority for Cretan's well-being. In parallel, the port is among the top

5 largest ports in Greece; its strategic geographical position makes it prone to future

structural changes, including implementing the proposed HRES.
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Figure 5.56. The geographical location of the Heraklion port
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The acquisition and utilisation of the actual energy demand data are among the
advantages of this research compared to most past studies. The proposed HRES
should meet any seen and foreseen energy demand, ensuring the high-priority
services' unhampered operation and the overall resilience of the port. Seaports'
energy demand is stochastic and dynamic, being influenced continuously by
uncertain factors and various subsystems.

In this case, the Heraklion port's actual hourly energy load for the past ten years has
been acquired, through the smart meters, to overcome and eliminate the stochastic
nature of ports' energy demand. The smart meters are installed in three port areas,
providing insights regarding the electric demand of the cranes, the outdoor lighting,
and the total port's facilities. The diesel machinery is not taken into account for the
needs of this research.

Figure 5.57 depicts the histogram and the hourly port's energy demand; the monthly
energy loads boxplots. There is a high increase in the energy demand during the
summer months due to the increased operations and services related to tourism. The
highest energy loads are observed during the night hours due to the strict legislation

about port spaces' lighting.
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Currently, the island's primary electricity grid electrifies the port. Based on the actual
hourly energy load data for 2010-2019, the port's average annual demand is
2,676,907kWh, on average 7,329.6 kWh/d. The peak load demand value is noticed
during August (533,14 kW). Consequently, the energy demand is high because of its
complex and highly energy-demand operations.

The available renewable resources on the port's area are taken from the POWER data
access viewer, NASA, and are validated by ground-level measurements taken from
the research team; any deviations were less than 10% (Figure 5.58). In addition, f
indicates that there are only a few extreme wind speed events on the area (histogram)
and the mean monthly wind speed through the year is optimal for WTs; the annual

average wind speed is 6.34 m/s.
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5.4.2 Methodology of the hybrid renewable energy system optimum design and
smart dispatch for nearly Zero Energy Ports
In this research, an optimisation study regarding an HRES for a Mediterranean port
in Crete is carried out according to the port's actual energy profile. The actual power
and energy cost tariffs and rates were modeled to ensure the outcomes' reliability.
Seventeen scenarios have been examined regarding all the possible combinations of
the most mature RES and ESS, picking the optimal one among a pool of ideal solutions
according to each case's LCOE, environmental footprint, and future employability.
Three different ESS were examined, providing a 24-h autonomy; the power supply's
reliability and stability were of utmost importance for the research team. Lastly, a
sensitivity analysis was conducted regarding four varying parameters, indicating
their impact and significance to the study's outcomes.
5.4.2.1 Selection of the testbed for the proposed study
The main port of Crete's island was selected as a case study with latitude 35.34' N and
25.14 E' longitude, which is a large-sized Mediterranean port typology [361].
Furthermore, Heraklion port was chosen as the most favorable case due to its high
HRES and SEMS potential. Since the island's primary income derives from tourism,
this port is a top priority for Cretan's well-being. In parallel, the port is among the top
5 largest ports in Greece; its strategic geographical position makes it prone to future
structural changes, including implementing the proposed HRES.
5.4.2.2 Data acquisition
The acquisition and utilisation of the actual energy demand data are among the
advantages of this research compared to most past studies. The proposed HRES
should meet any seen and foreseen energy demand, ensuring the high-priority
services' unhampered operation and the overall resilience of the port. Seaports'
energy demand is stochastic and dynamic, being influenced continuously by

uncertain factors and various subsystems.
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5.4.2.3 System's design and adopted methods

Two dispatch strategies have been extensively examined in this research; (a) Cycle
Charging (CC) and (b) Peak Shaving (PS). The CC strategy orders the generator to
operate at full load or the grid to supply the load demand and, concurrently, charge
the ESS. The power sources' optimal combination, at the least cost, is selected in each
timestep by calculating their fixed and marginal costs. No excess electricity is
generated or supplied; the smart microgrid controller ramps up the generator's output
or the grid in that optimal combination of its rated capacity [384].

The PS strategy is based on a '48-h projection’ in every timestep and on the month's
optimised power demand limits. The microgrid controller knows the future power
demand, grid's rate schedule, and RES production. It optimises and recognises the
least cost system by reducing the possible demand charges; if possible, the controller
participates in energy arbitrage. PS attempts to discover the lower-cost grid power
demand per month by adjusting and testing the given system configuration.
Consequently, the least monthly peak demand that can supply the required load
alongside the RES and ESS is picked. The system's economics are calculated only if the
system is properly operating and the load demand is being served in each timestep
without overcoming the peak demand limit.

5.4.2.4 Mathematical modelling and system components characteristics

After setting the smart algorithm, the suggested components and the preferred smart
dispatch strategy are defined. After simulating all the possible combinations of the
desired components, the optimal economic solution is indicated, based on the total
system's Net Present Cost (NPC) (Figure 5.60).

The RES power energy output is calculated by using Equation 60 [363]. Yrvis the rated
capacity of the PV array in kW, fev is the PV derating factor (%), Gris the solar radiation
in the current time step (kW/m?), Grsic is the incident radiation at standard test
conditions, ao is the temperature coefficient of power (%/°C), Tc is the PV cell

temperature in the current time step (°C), and Tcsrcis the PV cell temperature under
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standard test conditions (25 °C). The derating factor is being used due to the PV arrays'
possible power losses due to soiling, wiring, and aging.

Gr

Ppy = Ypy X fpy X ( > [1+ ap(Tc - TC.STC) (60)

GT,STC

The WT power output is calculated using Equation 61. Pris the wind turbine rated
power, V:is the rated wind speed in m/s, Vautinis the WT's cut-in speed, and Veutout is

the WT's cut-out speed.

0 V <Veut—inand V. = Ve oyt
P-X(V—=Vey—in)
P — r cut—in v <V <V 61
wT i (V; _ cht—in) cut—in — - T ( )
P, Ve <V <Veut-out

V is the actual wind speed that changes according to the WT's hub height and is
estimated using Equation 62. Vias is the wind speed at the base height Hoase. The
exponent o is proportionate to the climate conditions (temperature, season, time of
the day, roughness); a is usually equal to 0.143 under steady wind speed. The density
ratio equals the actual air density (o) divided by the air density at standard
temperature and pressure (0o0=1.225 kg/m?). The power is multiplied by the density

ratio as shown in Equation 63.

a

V = Viasex (77— (62)

base

p
Py = <_) X Py srp (63)
Po

Three different types of ESS are examined. They are used to store the surplus RES
energy and serve the PS technique. The ESS energy can be estimated using Equation

64; Qessois the initial ESS charge, Vess is the battery's voltage, and Iessis the ESS current.

t
QESS = QESS,O + J VESS X IESSdt (64)
0

The required ESS's state-of-charge is given by Equation 65, where Qgss, max is the
maximum allowable ESS's charge power; it is estimated using the kinetic battery
model (Equations 66, 67, 68, and 69); ness.is the efficiency of the charge storage. More
detailed information can be found in the research work of Baneshi and Hadianfard

[364]. k is the storage rate constant (h™), Qi is the ESS's available energy in the initial
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time step (kWh), At is the timestep's duration (h), Q is the initially available energy
(kWh), cis the ESS's capacity ratio, acis the ESS's maximum charge rate (A/Ah), Qessmax
is the total ESS's capacity (kWh), Ness is the number of ESS, Imax is the ESS's maximum
charge current (A), and Vrom is the ESS's nominal voltage.

Bsoe = _9ess 100 (65)

ESS,max

min (PESS,max,kbm X PESS,max,mcr X PESS,max,mcc)

(66)

QESS,max =
NEss,c

kX Qq x e*4t 4 Q X kc(1 — e~k>At)
PESS,max,kbm = 1 — ekxat + C(k XAt — 1 + e—kxAt) (67)

1- e_aCAt (QESS,max - QESS)

PESS,max,mcr = At (68)
Ngss X I XV
PESS,max,mcc = 1188)6 = (69)

Lastly, the bi-directional inverter's power output is given by Equation 70. Pout is the
output power on the AC grid; Pin is the input power to the inverter on the DC grid,
Ninv is the inverter's efficiency. In this study, the inverter's efficiency is taken as 0.95.
Pout = Pin X Niny (70)

The economic modelling and the used equations are used as follows:
The total system's cost is the sum of the PV cost (Cpv), the WT cost (Cwr), the grid cost
(Ceria), the ESS cost (Cess), and the converter cost (Ceonv):

Csystem = Cpy + Cyr + Cgrid + Cgss + Ceony (71)
Costs include capital costs, replacement costs, O&M costs, fuel costs, and the grid's
energy billing. Profits include salvage value and grid sales. The system's NPC is
calculated by using equation 72:

Ctot,ann ( )

Cupe = ==
NPC ™ CRF(i,1)
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Figure 5.60. Proposed smart algorithm's flowchart



Page 242 of 318

Besides, the total NPC is the value by which the LCOE is calculated divided by the whole

electric load served (Eserved) [363]:
NPC

LCOE = (73)

served

Where Ciotann is the total annual cost (€/year), and CRF is the capital recovery factor as
given by equation 74, where i is the discount rate (%), n=the number of years, and 1) is the

project lifetime (y). The discount rate is given by equation 75.

CRF(i,N) = {a+ o - (74)

1+N -

iy
C1+f
The discount rate is 8.0%, and the inflation rate is 2.0%[363].

i (75)
The payback period (PP) is used to evaluate the HRES feasibility; it is estimated by using

Equation 76. Co is the initial capital cost, and Citis the income cash's annual flow.

pp = Lo (76)
Cif

To estimate the Internal Rate of Return (IRR), we assume that NPC = 0. Then the IRR is

calculated by using equation 77:

T
Ct
NPC=O=Z——C 77
t_1(1+IRR)t o 77)

As the Greek market's resellers indicated, the economy of scale is considered for the PV
and WT costs. The Carbon Footprint (CF) is estimated by using equation 78. Egridnetis the
net energy purchased from the grid, RF is the island's renewable fraction (%), and PI is

the pollutants index for the grid's function (0.989kgCOz.q/kWh).

T
CF = ZEgn-d,net X RF x PI (78)
t=1

The components' techno-economic characteristics are presented in Table 5.16. More

details about the two RES are available in the Appendix.
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Table 5.16. Techno-economic characteristics of the suggested components

Photovoltaic array - LONGi Solar LR4-60HPH

Capacity (kW) Capital (€) Cost (€/kWp)
1 1400 1400
10 9000 900
Capital cost (€) 50 40,000 800
100 75,000 750
500 350,000 700
1000 600,000 600
Capacity (kW) Capital (€/yr)
1 10
10 100
O&M Cost (€/yr) 50 500
100 1000
500 5000
1000 10,000
Efficiency (%) 20.6
Lifetime (yr) 25
Derating factor 88%
Wind Turbine — Eunice EW16 Thetis 50kWp
Scaled
Quantity Capital (€) Cost (€/kWp)
1 210,000 4200
Capital cost? (€)
5 750,000 3000
10 1,250,000 2500
20 2,000,000 2000
Lifetime 25
Hub Height 22.03
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Lead Acid Battery (LA)
Capacity (kWh) 8.03
Nom. Voltage (V) 2
Max capacity (Ah) 4014
Lifetime@50%DoD(yr) 20
Capital cost (€/kWh) 165

Li-Ion Battery (LI)

Capacity (kWh) 7.68
Nom. Voltage (V) 51.2
Nom. capacity (Ah) 150
Lifetime@75%DoD(yr) 25

Capital cost (€/kWh) 533

Vanadium Redox Flow Battery (VRFB)

Capacity (kWh) 1238
Nom. Voltage (V) 700
Nom. capacity (Ah) 1769
Lifetime@90%DoD(yr) 25

Capital cost (€/kWh) 200

AC/DC Bi-directional Converter!

Inverter efficiency (%) 95
Rectifier efficiency (%) 95
Lifetime (yr) 15

Smart Microgrid Controllers

Cycle Charging (CC)

Peak-Shaving (PS)

Inverter's capital cost is included in the PV's capital cost
The last part of this methodology is about the port's energy billing. The electricity bill is

studied under two billing tariffs:
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(a) the energy consumption during the peak hours (07:00-23:00) and
(b) the energy consumption during the off-peak hours (00:00-07:00).
The energy tariffs are 11.96 c€/kWh and 9.94 c€/kWh, respectively. However, there are
power demand charges for the monthly peak power demand during specific hours of the
day, incorporating the time-of-use (TOU) tariff type. The corresponding demand charges
are 8.96 €/kWp for the high peak hours (11:00-14:00) and 6.66 c€/kWh for the rest hours
(07:00-23:00), excluding the late-night ones (00:00-07:00).
Seventeen different scenarios regarding the suggested HRES were examined, evaluated,
possible combinations of the suggested components, and dispatch strategies. The
research team has picked the two most optimal cases based on specific criteria. The
selection criteria were about the least net present cost, the least LCOE, the least payback
period of the investment, and lastly, the environmental footprint of each scenario. Two
SEMS (microgrid controllers) were utilised to increase the system's overall efficiency. The
suggested PV/WT/ESS HRES is grid-connected, but the case of an autonomous port
system has also been evaluated (Table 5.17).
Several assumptions have been made for this study's needs, as follow:

e The components' sizing did not consider the manufacturers' restrictions;

e ESS lifetime was subject to the estimated annual life-cycles, and their responsible

inverter was included in their initial cost;

e No O&M costs were considered for the components, except for the DG

e The bi-directional inverter's cost was integrated on the PV arrays cost

e The proposed RES can be installed in any place connected to the electricity grid

due to the lack of space inside the port's area.

Table 5.17. Different HRES combinations for the examined scenarios
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Case Grid NM DG PV WT ESS DS
1 v X X X X X X
2 v X X X X OA CC
3 v X X X X 24A PS
4 v X X X X OA PS
5 v X X v X OA CC
6 v X X v X 24A PS
7 v X X v X OA PS
8 v X X v v OA CC

v X X v v 24A PS
10 v X X v v OA PS
11 v v X X X X CC
12 v v X v X OA CC
13 v v X v X 24A PS
14 v v X v X OA PS
15 v v X v v OA CC
16 v v X v v 24A PS
17 v v X v v OA PS

OA stands for optimal autonomy based on economic criteria

24A stands for the 24-h autonomy of the port's operations
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5.4.3 Outcomes of the hybrid renewable energy system optimum design and smart
dispatch for nearly Zero Energy Ports

A detailed techno-economic analysis of the proposed HRES, incorporating two SEMS
dispatch strategies, is presented based on the actual 10-year average port's energy
demand data, the port's energy pricing scheme, and the components' current market
costs. In addition, a sensitivity analysis is also carried out on four varying parameters.
This study aims to provide an insight into the impact of the two dispatch strategies on
the HRES's efficiency, the importance of integrating SEMS in HRES, and a holistic view
of all the possible viable solutions that ports can employ the way towards sustainability.
The CC dispatch strategy is widely known in HRES studies. Nine scenarios have been
considered using CC; five of them were about a grid-connected HRES without the Net
Metering (NM) capability, and the rest four of them were about the same grid-connected
HRES capable of using the NM. A 20% demand charges increase was inserted to
represent the NM's utility cost. The proposed system's baseline scenario contains just the
electricity grid and has an LCOE of 14.9 c€/kWh; the monthly operating expenses are
depicted in Figure 5.61. The power demand costs are relatively high, accounting for 25%
of the total annual expenditure.

The port's actual energy demand does not present high or frequent hourly extreme peaks;
the monthly peak demand value is near the mean monthly required energy. At first
glance, someone would expect that peak shaving would have a low impact on energy
efficiency and future energy and cost savings. Surprisingly, Figure 6 indicates that the
peak demand charges are high enough due to the high energy loads. The mean daily
energy demand indicates that 7,3 MWh, equivalent to 430 Greek households' mean daily
energy demand. The port can be considered a small town or an energy community in
terms of energy consumption and operations and services complexity. The main
difference is that ports tend to peak their power demand during night hours because of

their energy-demanding lighting infrastructures and the ships-on-berth.
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Figure 5.61. Port's monthly energy use and power demand costs

The energy use cost is disproportionally connected to its energy consumption due to
unforeseen high-power demand events that often occur at ports (Figure 5.61). As
expected, the highest peak demand is observed during the summertime being linked to
tourism; concerning the highest energy consumption, it is observed during both summer
and winter months due to the increased lighting needs during wintertime and tourism’s
impact during summertime.

The proposed HRES were based on two types of main power supply: (a) the electricity
grid without NM, and (b) the electricity grid taking advantage of the NM utility.
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5.4.3.1 Grid-connected HRES without NM

A total number of ten scenarios were simulated regarding being grid-connected without
activating the NM functionality. The most optimal HRES (LCOE and CF) per scenario
was moved in the candidate pool; two scenarios were picked as the most optimal from
the optimal solutions' pool (Figure 5.62).

The selected-optimal HRES were chosen according to three specific criteria; the first
criterion is the proposed HRES LCOE. The second criterion is the port's operations
reliability and stability insurance, while the third criterion was the CF.

Ports are responsible for ensuring the unhampered supply of their services unaffected by
possible grid outages. Consequently, the research team calculated the optimal number of
ESS components to provide the HRES with 24-h autonomy. Besides, two SEMS (dispatch
strategies) are examined and compared. For the PS strategy, two cases were examined
per HRES; an HRES incorporating 24-h autonomy and a second one without autonomy
restrictions could serve the PS strategy.

The lowest-NPC scenario is chosen as optimal only if the suggested HRES's CF is zero.
The proposed HRES supplies all the required energy to cover the energy needs. As a
result, the two optimal scenarios were the PV/WT/ESS ones controlled by the PS strategy.
The optimal HRES's techno-economic and environmental outcomes are presented in
Table 5.18.

The PS strategy's efficiency compared to the CC and the baseline case can be observed in
Figure 5.63. The demand limits indicate that the power deriving from the grid cannot
exceed this value, and the smart dispatch controller has already projected and taken care
of this event. The high peak power demands are smartly eliminated, effectively reducing
the power charges. The LCOE of the proposed HRES of scenario 9 (12.9c€/kWh) is higher
than scenario 10 HRES's (8.2c€/kWh) because of the initial ESS investment cost

overdimensioning to provide 24-h autonomy of the services, on peak demand.
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Figure 5.62. LCOE and CF of the optimal solutions per scenario (1-10) of the grid-
connected case without NM

The WT HRES minimise further the LCOE, leading to the most feasible solution among
the optimal options. However, higher initial investment is required (Figure 5.62).
Regarding the first two without RES scenarios, the LCOE is higher than the baseline due
to the initial capital investment in ESS and the absence of green energy generation.
Meanwhile, the LCOE is slightly lower in scenario 4 due to the power limits that have
been set, incorporating the PS strategy.

LCOE is dramatically modified by implementing RES (scenarios 5-10). Scenarios 6 and 9
proved that the 24-h autonomy of the power supply is more effective when the PS
strategy is used for the microgrid’s control. Meanwhile, scenarios 7 and 10 indicated that
the LCOE is increased the higher the autonomy is. For instance, in scenario 7 a 21-h
autonomous HRES is suggested while a 24-h autonomous HRES is proposed in scenario
6; their LCOE are 8.7c€/kWh and 13.0c€/kWh, respectively, due to the additional

investment for ESS.
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The CF is inversely connected to the renewable penetration in the main grid. The grid
energy purchases are meant to be almost equal to zero into an nZEP, resulting in
sustainable infrastructure. Scenario 3 suggests a system with higher CF than the baseline
as more energy is required to be purchased from the grid to fulfil the needs of the 24-h
autonomy. Meanwhile, on scenarios 5,7,8,9 and 10 the CF is zero due to the excess RES
energy production, which overlies the grid purchases.

As seen, HRES of scenario 6 has a positive CF, meaning that energy deriving from the
electricity grid is needed to achieve 24-h autonomy.

Table 5.18. Techno-economic and environmental characteristics of the two optimal

scenarios for the grid-connected HRES without NM

PV WT ESS  LCOE Grt Autonomy Ren.Fr.
Scenario

(kW) (kW)  (pcs) (c€/kWh) (kWh)  (h) (%)
9 1,756 100 12 12.9 -74,131 24 91.3
10 626 650 3 8.2 -298,290 10 90.0

IGP refers to the net grid purchases (GP=Grid purchases - Grid sales)
Scenario's 10 suggested HRES can ensure the regular port operation for at least 10-h.
Consequently, the cost of providing the power supply for an extra 14 h is high. Although
the LCOE of the 24-h autonomous HRES is higher than this of the 10-h autonomy, both
the systems are feasible; the baseline LCOE equals 14.9 c€/kWh. There is a 13.4% and a
45% decrease, respectively. The IRR of the first case is equal to 6.2%, and the second one
is 11.9%. The latter was the highest IRR among all the feasible solutions, further

demonstrating the chosen-optimal HRES's concreteness and applicability.
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Figure 5.63. Hourly power demand among the two dispatch strategies and the baseline
scenario

The examined smart control strategies for the most optimal-picked scenarios (7, 10) do
achieve their primary goal by diminishing the grid purchases, proposing the
economically and environmentally optimal solution (Figure 5.63). As for the CC strategy,
the grid purchases are diminished while there are still some peaks throughout the year
due to the stochastic nature of most RES in energy production. These peaks are higher
than the baseline’s, proving that even if the energy costs are decreased, the demand
billing is not that much decreased.

However, as for the PS-controlled optimal scenario, the monthly demand limits restrict
the energy demand to the optimal peaks, leading to lower peaks. Indicatively, especially
in summer and winter months where the peak demand was observed during the past
years, the limits restrict energy consumption, leading to noteworthy billing reductions.

Thus, the suggested HRES’s LCOE is reduced, resulting in a fruitful and feasible solution.
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VREB is chosen as the ESS for the optimal scenarios due to the lower initial cost than the
other alternatives; the suggested HRES has a lower NPC than the other two systems.
Indicatively the LCOE was 13.9 c€/kWh for the LA ESS, and 22.2 c€/kWh for the LI
(scenario 9). As for scenario 10, the LCOE was 8.5 c€/kWh for the LA ESS and 7.92 c€/kWh
for the LI. LI HRES presented lower LCOE, but the suggested solution's NPC was higher
than the optimal-picked case; the IRR was lower (8.5%).

5.4.3.2 Grid-connected HRES with NM

For the case of the grid-connected HRES incorporating the NM capability, seven scenarios
were simulated. The cost of using the NM functionality is integrated as a 20% increase in
the power demand charges. Accordingly, the baseline LCOE equals 15.7 c€/kWh. The
initial CF is 6,023tnCOzeq/year, making it a top priority for port authorities to reduce.
Similar to the grid-connected HRES without NM, two optimal scenarios are picked

among the candidates. The LCOE and CF per candidate scenario are presented in Figure

5.64.
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Figure 5.64. LCOE and CF of the optimal solutions per scenario (11-17) of the grid-

connected case with NM
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In the examined scenarios' LCOE is lower than the baseline ones (Figure 9). The PS
strategy is more energy-efficient than the CC; the monthly demand limits result in
substantial cost savings. The PS strategy's effectiveness in the NM grid-connected HRES
power demand can be observed in Figure 5.65. Although the overall energy bill savings
are less for the PS case than the CC one, the initial required capital is less for the PS case.
The CC strategy requires higher RES penetration to fulfil its goals, while the PS can serve
the limited power demand incorporating fewer resources.

Similarly, for the case on the NM grid (Figure 5.64), the scenarios’ suggested HRES
proved that the LCOE is lower when WTs are incorporated due to the night-hour energy
production. Scenario 17 proved the best scenario, economically and environmentally; the
suggested HRES provides a 10-h autonomy while the LCOE is equal to 8c€/kWh and the
CF is zero. Nevertheless, scenario 16 is optimal for this research work, ensuring 24-h
power supply autonomy through the proposed ESS, proposing an LCOE of 13c€/kWh.
Consequently, even for the NM case, a more considerable initial investment must provide
the much-coveted 24-h power supply autonomy and ensure the operations and services.
Therefore, the operating costs and the LCOE are proportionally connected to the required
initial capital for the surplus ESS. Meanwhile, scenario 13 is the only one that proposed
an inadequate HRES in fully meeting the energy demand, leading to grid energy
purchases.

The energy-bill savings are substantial as the PS-based systems are undersized compared
to the CC ones, and thus the overall power demand is lower for the RES to cover.
Therefore, the initial capital cost is lower, achieving even better GHGs diminishing and
climate change mitigation results. Besides, the power demand charges are lower, leading
even higher to cost savings. On the contrary, the lower LCOE may lead to substantial
operating cost savings, lower PP, and higher IRR. Consequently, the two preferred

optimal scenarios are the PS-controlled PV/WT/VRFB HRES. The technical
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characteristics, alongside the environmental and economic outcomes are presented in
Table 5.19.

The VRFB HRES are the selected optimal cases again; the VRFB HRES are more
economically feasible and lead to the lowest operating costs than the other ESS types. For
the HRES of scenario 17, the LCOE of the LA HRES is 6.3 c€/kWh, while the LI HRES
LCOE is 5.4 c€/kWh. Unfortunately, due to the high initial capital costs and the increased
operating costs, the IRR of these HRES is lower than the selected ones. As for scenario 16,
the LA HRES presents an LCOE of 14.0 c€/kWh, while the LI HRES's LCOE is 23.4
c€/kWh. Therefore, the VRFB ESS seems to be the ideal solution for the grid-connected
HRES, either with NM enabled either not.
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Table 5.19. Techno-economic and environmental characteristics of the two optimal

scenarios for the grid-connected HRES with NM

PV WT ESS LCOE GP! Autonomy Ren.Fr.
Scenario

(kW) (kW) (pcs)  (c€/kWh) (kWh) (h) (%)
16 1,756 100 12 12.9 -74131 24 91.3
17 535 700 3 8.0 -339,256 10 90.1

IGP refers to the net grid purchases (GP=Grid purchases - Grid sales)

The least-LCOE scenario's PV array's installed power is three times lower than the 24-h
autonomous case. In this case, the PS strategy picks more WTs due to power generation's
capability during night-time when the PVs are shut off. The ESS cannot provide all the
required energy to the system, and the peak power demand limits may be exceeded. Due
to the high initial ESS costs, it is advisable to employ additional WTs to serve the night
load than invest in ESS for the time being.

As in the non-NM case, there are some higher peak energy demands than the baseline
case, for the CC strategy (Scenario 15). However, even if the energy consumption is
lowered and thus the energy billing, the higher peak demands lead to high demand costs.
Similarly, the PS technique (Scenario 17) achieves the most optimal results by setting
monthly demand limits. The outcomes of this strategy could be even better if the energy
supply company included billing for the late-night hours of the day regarding the power
demand. It is noteworthy that the NM case peaks (Scenario 15) are more than this of the
non-NM case (Scenario 8), enhancing the effectiveness of the PS technique. For both the
cases (NM or not) the selected optimal HRES have substantial renewable penetration on
the port's microgrid, leading to zero GHG emissions for the operations. The nearly Zero
Energy Port (nZEP) concept is viable, feasible, and can be successfully implemented in

other similar ports.
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The least autonomous HRES (scenario 10) provides the grid with more electricity due to

the suggested ESS capacity shortage; there is no enough energy storage to store the excess

RES generated energy. After enabling the NM functionality, this issue is fixed as the

excess energy is supplied to the electricity grid, offsetting the grid purchases; the net GP

is considered for the energy billing. The techno-economic and environmental information

of each scenario's optimal solution is presented in Table 5.20.

Table 5.20. Optimal economic and environmental outcomes of the 17 simulated scenarios

CF
Scenario NPC LCOE PP IRR NGP (tnCO2eq/y Autonomy

Number (M€) (c€/kWh) (yr) (%) (kWh) r) ESS (h)

1 5.16 14.9 - - 2,675,318 6,023.4 - -
2 8.13 23.5 - - 2,677,776 6,028.9  VRFB 24
3 8.32 24.1 - - 2,799,745 6,303.5  VRFB 24
b 4 5.15 14.8 82 114 2,679,262 6,032.2  Li-lon 0.2
g 5 5.67 14.7 146 47  -162,873 0.0 VRFB 24
_§ 6 4.95 13.0 1227 6.4 64,924 146.2 VRFB 24
5 7 3.80 8.7 92 99  -298,290 0.0 VRFB 21
8 5.71 13.4 145 48  -582,769 0.0 VREFB 24
9 5.03 12.9 125 6.2 -74,131 0 VREFB 24
10 3.48 8.2 78 119  -298,290 0.0 VREFB 10

11 5.43 15.7 - - 2,675,318 6,023.4 - -
=) 12 5.7 14.8 13.7 52  -138,630 0.0 VRFB 24
_%’ 13 49 13.0 116 7.1 64,927 146.2 VRFB 24
“;é 14 3.5 8.7 85 10.8 -529,685 0.0 VRFB 21
é 15 5.7 15.0 13.8 52 -116,631 0.0 VRFB 24
';% 16 5.03 12.9 11.8 6.8 -74,131 0.0 VRFB 24
17 3.44 8.0 6.8 141 -339,256 0.0 VRFB 10
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5.4.3.3 Sensitivity Analysis

An LCOE sensitivity analysis was conducted for the two dispatch strategies to examine
and analyse the impact of uncertainties on the suggested HRES. Although the sensitivity
analysis is performed for all the optimal scenarios, for brevity's sake, only for the optimal-
selected NM 24-h autonomous scenario for each dispatch strategy is shown. Solar
radiation, wind speed, hours of autonomy, and mean daily energy consumption are the
varying parameters for the LCOE of the HRES. The research team examined the effect of
the different discount and inflation rates for the optimal HRES. It has been proved, as
expected, that there is a high impact on the overall HRES economic outcomes, and a
possible alteration would affect the study’s conclusions. The impact’s level is analogous
to the indexes’ alteration.

5.4.3.3.1 Sensitivity analysis for the CC strategy

Figure 5.66 presents the outcomes of the sensitivity analysis for the four varying
parameters under the CC strategy. Speaking about the mean daily energy consumption,
the LCOE is reducing until it meets the current state. After this, the LCOE increases
alongside energy consumption as grid energy is needed; the CF is rising. The HRES is
optimal for the port's case under the CC strategy. As for the grid's autonomy and
reliability, the cost savings increase for the bigger than 12-h autonomous HRES; the
previous values follow a decreasing trend. The LCOE increases concurrently with the
HRES's autonomy. This can be attributed to the willingness to pay for the extra energy
supply's safety. Lastly, as expected, the PVs LCOE decreases as the solar resource is
increasing regarding renewable resources. Contrary, the WT's energy contribution is so

low that the wind resources hardly impact the HRES's LCOE.



Page 259 of 318

5.4.3.3.2 Sensitivity analysis for the PS strategy

Figure 5.67 presents the findings of the sensitivity analysis for the four varying
parameters under the PS strategy. The LCOE increases alongside energy consumption
until the overdesigned ESS provides the extra energy needed to avoid the excess of peak
demand limits. Due to the additional ESS utilisation, the LCOE decreases for the two last
cases even if the grid purchases increase. This means that, under the PS approach, the
HRES is the optimum aiming at the port's economic feasibility and the CF diminishing.
Regarding the HRES autonomy, both the LCOE and the energy savings are higher for the
highest-autonomous systems. The RES LCOE is decreasing as the resources' availability

is increasing. Similarly, the net grid purchases are negative (sales) for the enhanced

resources.
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Figure 5.66. Sensitivity analysis for the four varying parameters under the CC strategy
For the non-NM cases, the proposed system of scenario 9 is ideal both in terms of CF and
LCOE. In an unforeseen increase in demand, the LCOE will increase as the HRES will not

cover the energy needs; the CF will be positive due to the grid purchases (Figure 5.66a).
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As for the power supply’s autonomy, as the autonomy gets higher, the energy bill savings
are increasing, but the LCOE is also increased because of the higher initial capital needed
for the extra ESS (Figure 5.66b). The PV penetration in scenario 9 is high, making the
HRES highly dependable on the area’s solar potential. Subsequently, if the solar radiation
is reduced, the HRES cannot cover the total energy demand, resulting in grid purchases
and GHGs (Figure 5.66¢). Also, the impact on the LCOE is substantial for the decreases
in solar potential; they are scarce if the potential is increased because of the zero-sell back
rate of the excess energy. Since only one WT is suggested for the optimal case (Scenario
9), any alteration of the wind speed is scarce for the LCOE; however, the grid purchases

are lowered as the wind potential increases (Figure 5.66d).
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Figure 5.67. Sensitivity analysis for the four varying parameters under the PS strategy

After a certain point, as the energy demand increases, the LCOE decreases; the CF rise
more sharply after this point (Figure 5.67a). Contrary to the previous case, the higher the
power supply’s autonomy, the less abrupt are the changes in the energy bill savings.

Meanwhile, as autonomy increased, so does the initial required investment, leading to
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higher LCOE (Figure 5.67b). Finally, regarding the green potential of the area and how
this affects the system’s stability, it is observed that in this case, the impact of altering the
solar radiation or the wind speed is similar to the HRES, due to the increased WTs
number compared to the non-NM case (Figure 5.67c and Figure 5.67d). Lastly, as the
green potential decreases, the less the RES energy output will be, leading to inadequacies

in energy supply and, therefore, grid purchases and GHGs.
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6 Conclusions

In this chapter, the main conclusions and the future recommendations of this thesis are
presented and discussed. Each subchapter is inherently connected to each study area, and

the last one is about the overall conclusions regarding the holistic nZEP concept.
6.1. Examining the past literature

Although ports tend to be similar amongst themselves due to their utmost goal of
transporting passengers and goods, they are different and have distinct features. Based
on their services and energy demand, the research team attempted to establish a typology
and categorise ports into three (3) main categories. Meanwhile, there are no global key
criteria for determining how ports could be energy independent, emission-free, or all-in-
one, nZEP. The established typology offers the capability to generalise the study's
outcomes to more than one port category after modest modifications proportionate to
each port's unique characteristics. The high number of reviewed studies through the
state-of-the-art process ensures that many viewpoints are included, and the prospect of
nZEP is evaluated from many angles. After reviewing more than 300 research papers, a
few conference proceedings, and reports, the most crucial literature's research gaps were
identified. All the reviewed measures were analysed and evaluated, highlighting their
pros and cons for future implementation and their economic or technological maturity,
according to their cost-effectiveness and the expertise in each case. Port decision-makers
can take advantage of this thesis literature review part as it is a structured,
comprehensive, easy-to-use guide, providing solutions to most of the upcoming
dilemmas. Researchers can be informed about the possible gaps and know where to focus

their interests and attempts.
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6.2. Forecasting the future energy port's demand for 2030

Moreover, the thesis investigates the reliability and ease of using various well-known
forecasting models for the expected energy demand of a port for the year 2030, taking
advantage of the acquired hourly 5-year energy demand data. Techniques such as simple
linear regression, time series models as well as machine learning are exploited. The H-
ANN model has a reasonably high R? (0.94) and satisfactorily fits the actual data.
Nevertheless, its creation is still a complex process. The H-ML model has the highest R?
(0.99) among the examined techniques, adapting quite satisfactorily to the actual data.
However, high processing power is required. The H-ML model estimates that the port's
annual energy consumption will be increased by about 54% compared to 2019. The results
agree with the previous researches in the field of energy forecasting; ML models can be a
valuable tool in the field of forecasting and long-term development strategy, as combined
with the increasing computing power of modern computers, they become increasingly
reliable and provide solutions to complex problems in a relatively short period. Also,
according to a conducted statistical analysis, outdoor lighting is the most energy-
demanding service of all the examined ports.

6.3. Renovating the port's outdoor lighting by implementing a SOLCS
Also, according to past literature, lighting infrastructures correspond to more than 15%
of the total energy demand worldwide and are responsible for 5% of the global GHGs.
Because of the great potential of integrating smart control systems into lighting
infrastructures for indoor and outdoor spaces, several initiatives are presented in past
research works, alongside various real-world applications that are already in use; the
pilot projects are increasing.

The proposed SOLCS of this Thesis responds fast and accurately to any possible lighting
conditions' alterations with a low computational load. Compared to the past literature,

this system can operate at real-time conditions, computing almost immediately the
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required wattage of the luminaires according to any possible variation of the daylight
illuminance. There are no prediction schemes or motives that may lead to inaccurate
outcomes. Actual data are used for all the aspects of this study to ensure the reliability
and the robustness of the outcomes and conclusions; the validation and the evaluation of
the typology are based on actual measurements, ensuring high consistency and
conclusions' safety.

As an overall outcome, energy wastes during the first, the last, and the late-night hours
are diminished, leading to substantial benefits. Both the system's energy efficiency and
lightning outcome are enhanced. This methodology leads to a 56.8% decrease in the port's
lighting operations' annual energy consumption. This has economic and environmental
benefits, as the total carbon footprint is reduced, and the yearly energy costs are also
decreased. It is calculated that almost 10,000€ can be saved annually, alongside a 42.72
tnCO2eq reduction; the local electricity grid is also relieved. In a similar past research
work conducted in Italy, it has been shown that more than 60% of the initially consumed
energy can be saved by replacing the old luminaires with LED ones and by integrating

smart dimming controllers [395].

6.4. Optimally sizing a port HRES to cover the energy demand and
eliminate GHGs fully

As for the port's HRES optimal sizing and implementation, two different types of RES,
two types of ESS, and two grid cases were examined, resulting in 35 possible scenarios.
Therefore, 35 optimally-picked HRES are presented, of which four are figuratively
demonstrated in the results section, picking the best option satisfying the financial
prosperity, the GHGs diminishing and the social acceptance related to the port services.
The significance of this assertion is being strengthened by the fact that the port, on
average, needs 2.4MWh/day, which equals the daily energy consumption of almost 80
households.
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As for the grid's NM cases, all the suggested HRES were feasible and realistic except for
these incorporating the 48-h port's services autonomy by integrating the LA ESS.
Indicatively, the LCOE ranges from 2.2 to 14.1c€/kWh, which are lower than the baseline
(16.0c€/kWh). Also, the port's CF is eliminated, suggesting HRES emit from 38.7 to
73.8gC0O2,eq/kWh; the baseline CF equals 2250gCOzeq/kWh. The optimal-picked case
among the candidate pool was the HRES of scenario 5 as it concurrently satisfies all the
three criteria the research team has set; the LCOE is reduced by more than 50%, the CF is
diminished to 90% less GHGs, and the social acceptance of the port is enhanced through
the -at least 24h-autonomy of the port services.

Regarding the non-NM cases, the proposed HRES' LCOE range from 10.9 to 15.2c€/kWh
for the feasible solutions, while the 24-h LA ESS cases have LCOE greater than the
baseline due to the ESS high initial capital cost. On the other hand, the feasible scenarios'
HRES CF ranges from 364.3 to 1639.9gCO2,eq/kWh, being lower than the baseline.
Indicatively, the optimal-picked case on environmental terms is the HRES of scenario 28,
which incorporates two types of RES (PV, WT) and VRFB ESS to provide at least 24h
autonomy to the port services. The LCOE of this HRES equals 0.117€/kWh and the CF to
374.7gCO2,eq/kWh. Thus, the financial and the environmental financial and
environmental outcomes of the non-NM case are worse than these of the NM cases,
indicating the importance of the grid's NM functionality.

The grid's NM functionality enhances the ports' viability, credibility, and CF; the NM
scenarios provoked substantial financial and environmental indexes (IRR, PP, LCOE, CF).
It is indicative that the port's CF is decreased by more than 90% from the baseline state;
ports can be turned into nZEP in a realistic and viable manner. The study's results are
similar to other available studies for different infrastructures. Although there are
adequate studies on optimally sizing an HRES, there are no studies regarding a port's
operations. Also, no studies focus on all three aspects of sustainability, highlighting the

innovative aspect of this research work.
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6.5. Introducing the cold-ironing technique into a small Mediterranean

port by examining the efficiency of a hydrogen-based HRES

Regarding the small-sized ports cases, they tend to use outdated technologies, commonly
based on fossil fuel combustion, to meet their energy demands. Therefore, their
operations harm the natural environment, causing severe aerial and noise pollution. This
study aimed to examine several ways of upgrading the port of Adamas by embedding a
green hydrogen system, making it an autonomous infrastructure, and minimising the
GHG emissions produced, due to its operations, while ensuring that the proposed
solution is economically viable and socially acceptable.

To accomplish this, actual data was gathered, and thirteen scenarios were simulated to
compare different sensitivity cases. One primary sensitivity case was categorised into
these scenarios: implementing CI and the probability of providing electric energy to
berthing vessels. After simulating each scenario, a comparison was conducted; the
optimal scenarios were chosen, either with or without the CIs integration. The two
optimal solutions are based on the three sustainability aspects: economic viability, social
acceptance, and reduction/minimisation of EF. Significant conclusions were reached after
simulating each scenario.

Based on literature market data, every scenario, which was designed, proves the
tremendous environmental benefit of installing a green hydrogen system in a small-sized
port by eliminating its GHG emissions. Systems of scenarios 5 and 11 propose using PVs
and WTs, as a more stable solution. As a result, the grid's participation in electricity
generation is reduced. Nevertheless, the common opinion regarding the WTs is
uncertain, and without a social research's conduction, these scenarios pose a significant
risk. According to the peak energy load (systems of scenarios 6, 12), the design is also
financially impractical, as the energy demand is not fixed in a port facility. The design of

a system with an El that can fill the HT in only 8 hours (systems of scenarios 7, 13) is a
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viable option and proves to be the least power plant-dependent as the grid's participation
in energy production is the lowest. The fourth and tenth scenarios's systems were deemed
to be the optimum. The EF is minimised, and the grid generates only a tiny percentage of
the system's energy load. At the same time, they offer the best economical solution since
they significantly reduce the LCOE. Therefore, based on hydrogen ESS and CI, the

renewable systems could be an example to emulate for small-sized ports.

6.6. Evaluation of two micro-grid energy dispatch strategies for a port

HRES

Lastly, regarding the smart dispatch strategy, the impact of two dispatch strategies in a
port's HRES is examined. Two grid cases are considered for a PV/WT/ESS HRES. Three
different ESS types (LA, LI, and VRFB) are examined and evaluated, pointing out the
most suitable. In total, the optimal HRES solution for 17 scenarios is identified.

The optimised techno-economic and environmental parameters of the study's results
were assessed and discussed. In addition, the impact of several varying input parameters
on the HRES was examined, such as wind speed, power demand charges, LI ESS cost,
and WT cost. The suggested HRES is optimised to meet the actual load demand in every
timestep, at the least NPC. The mean energy demand is 7330 kWh/day, and the peak
demand is 533kW for the whole year. The current LCOE is 14.9 c€/kWh, according to the
energy billing scheme.

The two dispatch strategies led to different outcomes for the suggested HRES due to their
different energy usage goals. The PS provided better results for all the examined
scenarios since it eliminated the power demand charges by sizing the system to serve this
goal instead of delivering the maximum feasible renewable power. Indicatively, for the
grid-connected HRES, the optimal solution for the 24-h autonomous HRES has an LCOE
of 12.9 c€/kWh (20% less than the baseline) and a zero CF (100% less than the baseline

case), providing the electricity grid with 74 MWh RES surplus energy due to the



Page 268 of 318

inadequate ESS energy capacity. Meanwhile, the optimal PS case's LCOE was 8.2 c€/kWh,
incorporating 10-h autonomy. Unfortunately, there are not related studies to compare the
study's results for the PS strategy; the proposed HRES in other applications presented
similar findings regarding the CC strategy.

As for the grid-connected NM cases, the optimal-sized HRES had an autonomy of 10 h to
cover the energy demand limits via RES and an LCOE of 8.0 c€/kWh (50% less than the
baseline case). The LCOE of a 24-h autonomous HRES was 12.9 c€/kWh, the same as the
grid-connected case. Consequently, the PS strategy incorporated even better outcomes
for the NM cases. The study outcomes are reasonable and highly replicable according to
the available past HRES-related studies for other infrastructures. However, there is low
availability of port-based HRES studies.

As concerning the three ESS types, VFRB is the preferable one due to its higher cost-
effectiveness than the other two. There were cases in which the LCOE of the suggested
HRES with other batteries was lower than the VRFB. However, these scenarios were not
economically optimal due to their higher initial capital cost. The most important aspect
of the VRFB-based HRES was its 10-h autonomy when its competitors could support 4-h
of autonomous power supply. Shortly, incorporating the actual energy billing scheme

will promote this implementation, provoking similar outcomes.
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6.7. Setting sail for the future of ports by introducing the nearly Energy

Zero Port concept
Consequently, decisions and actions must be taken immediately to address the energy
crisis problem by the competent bodies to comply with global and European rules to meet
energy requirements with RES systems to address future sustainable development.
Smart lighting has the potential for advancing key research areas in energy-efficient
buildings, human health, photobiology, telecommunications, and human physiology in
our living spaces and workplaces. The future of smart lighting approaches is a multi-
disciplinary research field. Consequently, the existing smart lighting systems need to be
thoughtfully re-built to create a brighter future for lighting, inspired by the current
research.
Concluding, this work also offers a thorough and well-established methodology and
typology of examining the potential of converting a port to nZEP by firstly optimally
sizing and integrating the optimal-picked HRES. The suggested typology is highly
replicable and applicable in any port case regardless of its size and energy demands. The
two main limitations of this study were that (a) there are no available studies on ports to
compare the proper study's findings, and (b) other RES could not be examined due to the
lack of resource data and actual costs.
Finally, the port's upgrade will bring substantial benefits for the port's surroundings,
providing environmental, economic, and social euphoria. At the same time, the port's
operations become more stable, thanks to the ESS or hydrogen energy storage
technology's implementation, and thus, the port cities' permanent residents' energy
demands would be satisfied throughout the year. Besides, the sustainable and stable
port's function could be an additional factor for the selection of the port's surroundings

as a place to be visited by tourists, contributing directly (costs of electricity as well as
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accommodation in the port) and indirectly (support of local businesses by visitors) to the
island's economic prosperity.

The nZEP concept promotes an attractive infrastructure that uses almost explicitly green
energy leading to zero GHGs, offering a critical helping hand to climate change
mitigation. The energy transition from fossil-fuel energy generators to RES will also
benefit the circular economy, enhancing the coexistence among ports and the
surrounding port cities. A cleaner future for the mobility sector is imminent through the
nZEP concept, which SEMS like the proposed one strengthens. It is indicative that the
proposed HRES, with the suggested SEMS operation, achieve almost zero GHGs and an
economically feasible investment towards sustainability, concurrently enhancing the
port's services safety-of-supply through the 24-h autonomy. The ports' crucial role in the
global GHGs emissions has been highlighted, indicating the importance of their
transformation into innovative and energy-efficient infrastructures.

It is essential to mention that, in every aspect, the nZEP concept can be the connector for
all those mentioned above. As it has already been mentioned, it incorporates a synthesis
of different combinations of all the sustainable technologies towards an emission-free,
energy independent, and contemporary infrastructure.

Lastly, this research work's findings should be used to create opportunities and guide

worldwide port authorities, researchers, and developers to integrate RES into their

studies.
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6.8. Future recommendations

Various research gaps have been mentioned in this thesis regarding ports' sustainability
and several relevant research fields. Nevertheless, the thesis has successfully filled some
of these research gaps; however, the existing and several other areas regarding ports’
sustainable development can be further examined in future projects. In conclusion, future
researchers are to pay special attention to the following, concise fields of study:

6.8.1. Literature review

e More research is needed regarding the less mature smart techniques and
technologies;

e There is a need to widen the range of studies regarding both the regionality and
the size of the ports. The need to examine and evaluate sustainable measures and
techniques for port infrastructures in Africa and the Middle East is more than
obligatory;

e More studies are needed concerning the cooperation between port-related parties;

e The available research work has to be implemented, up taken, and tested into
actual port conditions, evaluating the measures' actual applicability.

6.8.2. Energy forecasting models

e Further research on the part of forecasting models - use of other existing models

e Use of hybrid prediction models

e More and less-known RES, such as tidal and wave turbines, should be examined

and implemented;

e Alternative green fuels such as biofuels should be used to cover energy needs,

especially for replacing diesel engines;

6.8.3. Port's SOLCS
e To install sensors to various port's spaces to acquiring actual illuminance data;

e To apply this methodology to other infrastructures, such as university campuses,
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villages, streets, etc.;

To apply the system indoors, such as offices, to examine its effectiveness;

To examine other more efficient luminaires.

Port's HRES

More and less-known RES, such tidal and wave turbines should be examined and
implemented;

Alternative green fuels such as biofuels should be used to cover energy needs,
especially for replacing diesel engines;

Hydrogen-based HRES and Cold-ironing

To conduct a more thorough investigation regarding the Greek market' data for
the hydrogen system's cost;

Social research should be focused on public opinion, regarding RES and their
social impact;

To conceptualise more scenarios, including a greater variety of RES and ESS.

Ports smart dispatch strategy

The PS dispatch strategy should be used in other case studies to examine their
efficiency on different load demand profiles, i.e., houses, factories, islands, and
other facilities that may have sudden peak loads throughout the day hours.

An emission penalty could be modelled for the energy-demanding industries,

leading to even better results.
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